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Astrophysics  and  stellar  astroimy,  vfaioh  hav*  undergone  an  extra- 
ordinary development  during  the  last  fifteen  years*  have  changed  con- 
siderably the  science  of  eosnlo  phenomena,  and  have  opened  before  us 
perspectives  which  recently  It  was  difficult  even  to  contemplate*  Being 
closely  connected  with  the  latest  advances  in  physics,  they  revealed  to 
us  oosnio  laboratories  where  t!»re  exist  temperatures  and  pressures  which 
are  outside  t^o  range  of  the  usual  conditions  of  physical  experiments. 
Basing  themselves  on  rich  observational  data,  which  was  gathered  during  a 
long  period,  they  permitted  us  to  penetrate  into  the  most  distant  spaces 
of  the  universe*  and  they  transferred  the  problem  of  dynacies  and  of  the 
structure  of  the  stellar  system  from  he  realm  of  hypotheses  into  the  field 
of  real  scientific  investigations. 

This  course  is  the  first  attempt  in  world  of  scientific  literature  at 
a  oonplote,  connected  and  yet  non-elementary  exposition  of  the  methods  and 
results  of  astrophysics  and  stellar  astronomy.  The  pioneering  character 
of  this  course  is  its  distinction,  yet  it  is  also  a  source  of  possible 
shortcomings*  The  authors  were  unable  to  take  advantage  of  classical 
standard  tsxbs  because  they  do  not  exist  as  yet*  OB  the  other  hand*  the 
quiokly  changing  aspects  of  our  soienos  contain  the  dancers  of  anachronisms 
as  well  as  too  hasty  conclusions*  The  authors  triad  to  Maintain  the 
greatest  objectivity  possible  with  regard  to  debatable  and  hotly  discussed 
problems* 

The  course  is  composed  by  a  group  of  Pulkovo  astronomers  on  the  principle 
o  specialization*  Vfe  nay  assume,  that  this  principle  should  increase  the 
quality  of  the  course,  although  it  was  sometimes  difficult  to  synchronize  the 
stype  of  the  several  authors  and  to  escape  some  repetitions*  The  first  part 
contains  the  exposition  of  the  methods  of  astrophysics  and  astrophotography* 
The  second  part  contains  the  physics  of  the  solar  system  and  the  stellar 
astro Komy* 


B*  Gerasimovioh 


Astrophysics  and  stellar  astronomy,  vhloh  hare-  undergone  an  extra* 
ordinary  development  during  the  last  fifteen  years*  have  changed  con- 
siderably the  science  of  eosnle  phenonene,  and  hare  openei  before  us 
perspectives  which  recently  it  was  difficult  even  to  contemplate*  Being 
closely  connected  with  the  latest  advances  in  physios*  they  revealed  to 
us  oosriio  laboratories  where  t!»re  exist  temperatures  and  pressures  which 
are  outside  the  ran^e  of  the  usual  conditions  of  physical  experiments* 
Basing  themselves  on  rich  observational  data,  which  was  gathered  during  a 
long  period*  they  permitted  us  to  penetrate  into  the  most  distant  spaces 
of  the  universe,  and  they  transferred  the  problem  of  dynamics  and  of  the 
structure  of  the  stellar  system  from  the  realm  of  hypotheses  into  the  field 
of  real  scientific  investigations* 

T  is  course  is  the  first  attempt  in  world  of  scientific  literature  at 
a  oonplnte,  connected  and  yet  non-eleinentary  exposition  of  the  methods  and 
results  of  astrophysics  and  stellar  astronoagr*  The  pioneering  character 
of  this  course  is  its  distinction,  yet  it  is  also  a  source  of  possible 
shortcomings.  The  authors  were  unable  to  take  advantage  of  classical 
standard  texts  because  they  do  not  exist  as  yet*  On  the  other  hand*  the 
quickly  changing  aspects  of  our  science  contain  the  danrers  of  anachronisms 
as  irell  as  too  hasty  conclusions*  The  authors  triad  to  maintain  the 
greatest  objectivity  possible  with  regard  to  debatable  and  hotly  discussed 
problems* 

The  course  is  composed  by  a  group  of  Pulkovo  astronomers  on  the  prlneiple 
o  specialisation*  Vfe  nay  assume,  that  this  principle  should  increase  the 
quality  of  the  course,  although  it  was  sonetiraes  difficult  to  synchronize  the 
stype  of  the  several  authors  and  to  escape  some  repetitions*  The  first  part 
contains  the  exposition  of  the  methods  of  astrophysics  and  astrophotography* 
The  second  part  contains  the  physics  of  the  solar  system  and  the  stellar 
astronony. 


B*  Gerasimovioh 


I 


Introduction 
1.  Some  Information  from  Theoretical  Physics.     By  7.  A.  Ambartsunian 

Because  of  those  conditions  under  which  the  substance  of  stars,  nebulae 
and  other  heavenly  bodies  exists,  its  physical  condition  In  raany  oases  differs 
considerably  from  the  ideal  conditions  of  natter  studied  by  thermodynamics. 

The  latter  deals  with  eq;  ilibrium  e  nditions  of  matter  contained  in  * 
constant  volume  the  walls  of  which  are  impenetrable  to  natter  as  well  as  to 
radiant  ener?\y.  Such  conditions  are  called  the  conditions  of  the rmodynaraio 
eq'.iilibrium.  Only  in  the  inner  parts  of  tho  stars  is  matter  so  situated  aV 
close  to  the  conditions  of  thermodynaaie  equilibrium.  Because  of  the 
great  opacity  of  stellar  na'-.ter  inside  a  star  conditions  ar  i  created  similar  to 
those  which  obtain  in  a  volume  with  walls  impenetrable  to  radiation.  In 
Stellar  atmospheres,  especially  in  their  outer  layers  -  -  the  chromosphere,  - 
in  gaseous  nebulae,  and  in  interstellar  space  matter  exists  in  condition* 
which  greatly  differ  from  those  of  t>  ermodynamlo  equilibrium  inasmuch  as  the 
flow  of  ener.-y  penetrating  the  substance  and  going  out  into  space  does  not  permit 
us  to  regard  a  given  object  as  a  closed  system,  not  to  speak  of  those  object* 
which,  in  addition  to  not  being  in  a  condition  of  therraodynamio  equilibrium,  are 
also  in  a  non-static  condition  in  general. 

On  account  of  vrhat  we  V  ave  said  above,  the  usual  thennodynanie  method*  of 
describing  the  condition  of  ma  tor  (presumption  of  knowledge  of  temperature  and 
pressure)  are,  in  general,  not  ay  lieable  to  stellar  atmosphere*.  The  non- 
equilibrium  conditions  are  of  greater  variety  than  the  totatity  of  all  possible 
equilibrium  conditions  depending  on  two  parameters.  However,  even  in  these 
oases  the  conception  of  temperature  is  used*  But  in  using  it  the  meaning  there- 
of must  be  indicated  or  implied  (for  instance,  the  quantity  which  is  proportional 
to  *he  mean  kinetic  energy  of  the  particles!  the  parameter  characterising  the 
composition  of  the  radiation,  eto).  Tfe  shall  ^ive  later  some  of  the  most 
important  properties  of  matter  in  equilibrium  conditions*  Us  shall  bo  interested 
in  gases  only.  Although  liquid  and  solid  matter  exists  in  universal  space 
(planets,  for  instance)  astrophysics  has  studied  it  but  little  as  yet. 

1.  Laws  of  Distribution,,  Let  us  assume  that  our  gas  consist*  of  identical 
particles  -which  do  not  interact,  and  the  condition  of  each  at  a  given  moment  t 
may  be  characterized  by  *  given  coordinates  (q)  and  by  s  impulses  (p): 

ft,  9 *>••••  3s,   P,,     P* 
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or*  geometrically  speaking,  let  the  condition  of  eaoh  r  article  be  characterised 
by  sorae  point  in  space  of  2s  diamensions   (phase  apace).    The  energy  of  a  particle 
e  Is  a  function  of  these  quantities  onlyt 


P 


I, 


The  microscopic  condition  of  the  entire  gas  may  be  given  by  indicating  the 
position  of  the  points  representing  the  particles  In  the  phaso  space*  Each 
distribution  of  the  points  characterises  sor-so  erjndltlon  of  the  gas.  In  therorao- 
dynamic  equilibrium  the  most  probable  distribution  takes  place,  l»e,  that  -which 
may  occur  in  the  greatest  number  of  ways.  Let 


..  •  PS)  <*<?,.  •>,<*<I, 


be  the  number  of  particles,  and  let  the  point  representing  them  inside  th» 
volume  be  dq^,  dq,,    ......  dqB  dp,,   .  .....  dpa  in  the  most  probaMe  distribution* 

This  function  must  satisfy  the  two  conditions  t 


=  E  - 

the  integrals  cover  the  entire  phase  space,  N  is  the  number  of  particles 
composing  the  gas,  E  is  the  total  energy  of  the  gas* 

The  given  parameters  H  and  E  determine  the  condition  of  the  gas  in  thermo-* 
dynamic  equilibrium.     Since  these  quantities  may  take  taay  values,  the  function 
f  (q,  p)  raust  contain  two  constants  to  whose  corresponding  changes  the  conditions 
(2)  and   (3)  may  be  made  to  conform, 

The  form  of  function  f  (q,  p)  depends  upon  whether  the  particles  composing 
the  gas  have  an  even  or  odd  charge  if  we  teJoe  the  electron  charge  as  unit.  If 
the  part  teles  have  an  even  number  charge  then 


where  k  and  h  are  universal  constants,  and  C  and  T  are  parameters  of  distribution 
determined  from  the  conditions   (2)  and   (3),     Parameter  T  Is  called  the  temperature 
of  the  gas.     The  ^as  under  consideration  consisting  of  particles  having  an  even 
numbered  charge  is  subject  to  Bose*s  statistics*     In  particular,  a  gas  consisting 
of  neutral  atoms  or  mol  Conies  is  also  subject  to  Dose's  statistics, 


The  following  Is  the  function  for  the  gas  consisting  of  particles  having 
an  odd-*iumbered  chare®  / 


S    ' 
and  it   is  said  that  the  particles  are  subject  to  Fermi's  statistics* 

In  the  case  of  Fermi's  statistics  no  more  than  one  particle  may  be  contain** 
in  a  cell  of  V  e  phase  space  with  a  volume  of  h*,     In  Boss's  naehanios,  on  the 
contrary,  eaeh  cell  may  contain  any  number  of  particles*), 

An  example  of  a  gas  subject  to  Fermi's  statistics  is  the  electronic  gas; 
another  instance  is  the  gas  of  single  ionized  atom*  of  helium, 

The  constant  C  is  determined  in  both  oases  by  the  .riven  N  and  E»    KThen  H 
is  given  the  constant  C  decreases,  and  as  E  Decreases  and  for  a  sufficiently 
small  E  Tor  those  values  of  6  for  which  Ce'&r«  I       we  hav*t 

,  P)  -  -fr  ,  ft} 

i.e.  t  :are  is  only  one  particle  in  each  cell  of  the  phase  space  with  a  volume  h8, 

A  gas  which  is  in  a  condition  such  that  the  distribution  of  most  of  the 
part  c  lea  in  the  phase  space  is  described  by  formula  (6)  is  called  a  degenerate  . 

gas. 

On  the  contrary,  if  for  a  given  17  we  take  a  very  large  £  then  in  all  regions 
of  the  phase  space,  except  the  small  region  where  S  (q,  p)  is  very  small,  we  may 
nenlect  unity  in  formulae   (4)  and   (5)  and  consequently  we  obtains 


The  ROB  described  by  this  limiting  formula  is  called  a  classical 
According  to  Quantum  Mechanics,  the  particles  forming  a  gas  may  not  possess  any 
amount  of  energy,  generally  speaking.     The  possible  values  of  the  energy  etfG.fjG.f 
in  case  of  a  closed  volume  form  Always  a  discrete  totality   (obtained  by  solving 
Sohrodinger's  equation)*     In  each  stationary  state  the  particle  has  one  of  the  v 
values  of  energy  6,*     On  the  other  hand,  in  each  stationary  state  the  impulses  and 
the  coordinates  of  the  p&rtiolas  are  indefinite*    T  e  refer*,  eaeh  stationary  state 
is  characterized  not  by  a  point  in  the  phase  space  of  classical  mechanics,  but  by 
some  region.    This  renion  has  a  volume  equal  to  h8,  therefore  the  numbers  of  par 
particles  in  each  of  these  states  must  be  equal  to  f(o,jo)hs 


*)     There  are  indication*  that  the  dependence  of  the  form  of  statistics  on 
the  even  numbered  charge  breaks  down  in  the  realm  of  the  physics  of 
atomic  nuclei* 


I 


Tfe  see,  that  according  to  Boae's  statistics  there  are 


atoms  In  eaoh  of  the  stationary  state*,  and  In  the  oase  subject  to  Fermi's 
statistics  there  are 


atoms*     In  the  oase  of  the  degenerated  Fermi's  gas  formula  (6)  shows  that  In 
eaoh  stationary  state  t>  ere  is  only  one  particle* 


for  the  classical  statistics  that  in  each  stationary  ntate  there  art 
/      ~  ~c 
^r-  e   *T       atoms*  This  conclusion  is  expressed  in  the  form  of  the  following  l«w, 

Boltsmann's  Principle ^    The  numbers  of  atoms  with,  energies     &    } &2  ,&.... 
are  to  each  oVher  as 

a    e~~*T~  a    e~~^ 

yj  K          >         ye  v 

where  g,,  g«,   . ...  are  integers  expressing  respectively  the  numbers  of  stationary 

th'  engrg^itfB     ^t  r  g;^  . '  . , 

Be  shall  consider  the  following  special  oases* 

a)  Suppose  we     ave  ft  single  atomic  gas  upon  which  no  outer  force  is  acting* 
Then 

e  =  ™  fi-'+  **+-  W  ,  (S) 

where  q. ,  q  ,  q  -  are  the  components  of  the  velocities  and  H  is  the  mass* 

/  \ 

Formula  (7)  nay  then  be  reduced  to 


/ 

where  C  is  some  constant.     This  is  Uaanrell's  Law  of  distribution  of  velooitie^ 

Integrating,  we  find  from  condition  (2) 

foj 


Y 

Integrating  with  respect  to  various  directions  of  the  velocity  vector  we  se< 
that  the  number  of  atoms  dN,  haring  velocities  contained  in  the  interval  between 
v  and  v^l-i'T,  is  equal  to 

$  . 


t>)  Suppose  the  gaa  is  in  a  uniform  field  of  gravitational  force.  Then 


The  fondanontal  equation  (?)  tells  us  that  the  density  of  atoms  at  an 
altitude  q.,  after  the  integration  with  respect  to  velocities  is  equal  to 


••here  Q0  is  the  density  at  the  altitude  q^  »  0. 

o)  The  Law  of  Equal  Distribution  of  Energy,     It   is  easy  to  show  in  the  case 
of  classical  statistics  that  the  mean  kinotio  energy  corresponding  to  one  degree 
of  freedom  is  always  equal  to  '/t  k  T  and  it  does  not  depend  on  the  nature  of  the 
particles  of  the  gas, 

Hence,  in  the  case  of  a  mono  atomic  gas  when  •  «  3,  the  mean  kinetio 
energy  of  each  particle  will  be  equal  to^>t7"  •     It  will  thus  remain  same  in 
mixture  ^mono-atomie  gases, 

Thus,   if  we  shall  denote  by  g  the  mean  kinetic  energy  of  the  particle* 
of  some  monoatomio  gas,  then 

e=-f-£7:  C/4)  . 

§  2.  Eqi'ations  of  State,  We  may  always  compute  the  pressure  for  the  given 
temperature  and  density  using  the  knowledge  of  th  distribution  of  particles  in 
the  phase  space.  The  equation  connecting  pressure  p,  density  p  and  temperature 
T  is  called  the  equation  of  state.  For  an  ideal  gas  (consisting  of  particles 
which  r<o   .xot  xnteraot)  the  pressure  is  always  equal  to 


whire  Efc  is  the  total  energy  of  the  progressive  motion  of  all  atoms  of  the  gas, 
aid  V  is  its  volume, 

As  the  progressive  motion  has  three  degrees  of  freedom,  Ee    will  be  equal, 
according  to  classical  statistics,  to 


whence  p  =  - 

For  the  number  of  particles  in  a  unit  of  volume  we  have 


y       '  m 

where  p.  is  the  molecular  weight,  and  N=*---  const,  is  Avogadro's  number.  Hence 


If  we   set  k  N0  •  R   (KLapeironfs  constant)  , 


6 


then  « 

Pm      (A.     / 

This  is  the  usual  form  of  the  equation  of  state  of  a  classical  ideal  gas* 

The  equation  of  state  for  a  Fermi  ga*  is  very  complex  in  the  general  ease* 

In  tho  oaso  of  complete  de'generaoy  (C  is  areall) 


^       4  ' 

p  =  K  p   j 

where  £  is  constant*     Because  of  (2)  and   (5)  we  may  say  that  complete  degeneration 
for  a  given  constant  temperature  appear*  only  for  great  densities  (V  is  large)* 
Therefore  the  equation  of  state  (18)  is  applicable  to  Fermi1*  ~as    nly  ?°r  great 
densities* 

§  3*    The.rormulft  of  lonigatlon*     A*  was  done  in  the  ease  of  a  ga*  eons 1st ing 
of  similar  particles,  it  is  possible  to  consider  the  mo*t  probable  distribution 
for  a  gas  consisting  of  particles  of  two  or  more  types  which  may  combine  with 
each  other*    The  following  case  is  of  great  interest   in  astrophysio**     We  have  ft 
gas  consist ing  of  neutral  atoms  of  some  type  (let  us  say  of  lithium),  of  electrons 
and  of  singly  ionised  atons,  i*e»  atoms  which  have  lost  one  electron*.    We  shall 
call  t •  em  hereafter  simply  ions*     Ions  may  eomblne  with  electron*  and  form 
neutral  atom*  and,  vice  versa,  neutral  atoms  may  be  decomposed  into  ion*  and 
electrons*    Whenever  an  atom  is  ionised,  i*e»  when  an  oledtron  is  taken  away  from 
the  atom,  energy  is  expended*    Let  us  denote  tho  energy  by  X.  *     In  a  reoomblna- 

•,  i»e,  T*hen  the  ion  combines  with  an  electron*  the  sane  quantity  of  energy  Z. 
ie  liberated*     In  any  conceivable  condition  of  a  ga*  some  atoms  x  If  (where  V  i* 
the  total  number  of  atons)  are  ionized  and  the  others   (l-x)  IT  are  neutral*    The 
fundamental  rroblem  arising  In  this  case  is  tho  following  onet  what  is  the  ratio 
of  the  number  of  Ionized  atom*  to  the  number  of  neutral  atoms  in  thermodynanio 
eqilibrium  and  at  the  tenperaturo  T?     In  other  words  to  what  Is  the   quantity 
x/(l  -  x)  equal?     The  ansere  to  tMs  question  1*  given  by  the  "formula  of  loni*a» 
tion".  y 


Here  n^  is  the  number  of  electrons  in  a  unit  of  vloume*  The  quantity  b  i* 
expressed  by  the  formula: 


3,+ 9** 


where  gj,  g?,  &,»  ••••  Are  the  numbers  showing  how  many  stationary  statei  corre- 
spond to  thi  various  ralues  of  £,,&,,,...  of  the  energy  of  the  atoms}  and  hero, 
unlik»  the  previous  exposition,  we  have  in  mind  the  inner  energy  of  the  atom,  b1 
is  the  corresponding  sum  tor  an  ionized  atom* 

Inmost  oases  in  practice  the  differences^-^/,  ea  -€,...  are  large  as  ooin- 
pared  with  k  T. 

b'   y't 

Therefore  w»  may  assume        —7—  =  ~^~  » 

where  gi  *  is  the  number  of  stationary  c  nditions  corresponding  to  the  miniwai 
value  of  energy  of  an  ionized  at  OB  (the  multiple  of  the  fundament  al  condition  of 
an  ionized  atom).    The  number  (T  if  some  "factor  of  symmetry"  equal  to  the  number 
of  systems  into  which  the  terms  of  a  given  atom  decompose  (see  a  later  section)} 
o'--  .  is  the  corresponding  number  for  an  ionised  atom* 

If  we  denote  the  number  of  norraal  atoms  in  a  unit  of  volume  by  n  and  the 
number  of  ionised  atoms  by  n*,  i  enf  since  n*/a  «  x/(l  «  x)l 


In  the  same  way  i«  determined  the  ratio  of  the  number  of  a,**  «  twice 
ionized  atoms  -  to  n+  •  the  number  of  singly  ionized  atoms! 

_  9"  a 


Here  //is  the  energy  of  a  singly  ionized  atom,  gj  is  the  multiple  of  the 
fundamental  state  of  a  doubly  ionized  atom,  and  O""i»  the  corresponding  factor  of 
synnstry* 


*' 


According  to  quantum  mechanics,  —^—2  for  hydrogen  atorasj  for  normal  atom* 
of  helium  -^-=-5-,  etc.  Hence,  we  nay  write  the  formulae  of  ionization  in  the 
form 


.++ 


n     "«  A3  ^ 


i  , 

If  we  neglect  the  influence  of  the  factor  -^-    and  -pp-  mm  compared  with  the 
exponential  factor  TThioh  varies  greatly*         ' 

The  ionization  of  atoms  nay  occur  under  the  influence  of  various  external 
causes*    The  following  tiro  oases  are  of  great  interest  to  astrophysics  t 

1)  the  ionization  of  an  atom  takes  plaoe  on  account  of  an  absorption  by  * 
neutral  atom  in  the  normal  state  of  quantity  of  radiant  energy  greater  than   Z  ; 

2)  the  ionization  of  an  atom  occurs  during  *  collision  of  an  atom  with  sone 
particle  (an  atom,  an  el  c  ron  ete)|  and  the  kinetic  energy  of  the  eolliding 
particle  and  of  the  atom  diminished  transforming  itself  into  the  energy  of 
ionization. 

The  ionization  potential  of  a  given  atom  i*  the  potential  Vi    ef  the 
eleotr'c  "ield  in  v&ieh  the  electron  possesses  the  potential  energy 
The  kinetic  energy  of  an^eleetron  is  also  aeaaured  by  the  potential  V  of  the 
field  in  which  eV~  —<r-»     In  other  words  the  energy  of  the  el  otrons  is 
^neasured*  in  volts*    In  order  that  an  atom  may  be  ionized  by  means  of  an 
electron  collision,  it  is  necessary  that  the  kinetic  energy  of  the  electron  be 
greater  than      e  Vt-  —  Z         For  instance,  the  ionization  potential  of  helium 
is  equal  to  24.48  volts,    nd  the  ionization  potential  of  He*,  i*e*  of  singly 
ionized  helium,  is  equal  to  54*2  volts*    The  ioniaation  potential  of  doubly 
ionized  silicon  Si**  is  equal  to  33*36  volts  eto* 

4.    The  Leans  of  Radiation,     a)  Klrehhoff1*  Lav.    Let  us  Investigate  a  body 
wliioh  is  in  thermodyntaoic  equilibrium.    Let  us  denote  the  quantity  ef  radiant 
energy  of  frequency  V  radiation  by  the  body  in  the  direction  of  the  solid  angle 
da  in  a  unit  of  time  and  passing  through  the  unit  plane  perpendicular  to  the 
axis  of  angle  d»  through  Epd».     Ifext,  let  Ktf  dw  be  the  quantity  of  energy  of 
frequency  passing  through  the  niven  body  in  the  direction  of  the  solid  angle 
du.    From  this  quantity  a  pertion  will  be  absorbed  by  the  body  the  amount  being 
A  rf  •  Ky  •  d».    According  to  Kirohhoff's  Law  the  ratio 


is  3  one  universal  function  depending  only  upon  the  frequency  and  the  teaperature 
of  the  body  and  is  equal  to  the  intensify  of  the  radiation  of  frequency  ~v>  with- 
in  the  voliaaa  Whiok  ia_  in  VherncKbnMBaie  equilibrium  at  he  temperature  T*  TheT~ 
intensity  of  radiation  of  frequency  V   is  the  coefficient  Iv    In  the  expres- 
sion 

/„  d4  doo  dt. 

1^  •    dv?  •  doa  dt  represent*    ;  the  quantity  of  energy  at  frequencies  between  V 
andV+d'*?      passing  through  a  plane  of  lorn*  in  the  time  dt,  in  the  direction  of 
dco  around  the  normal  to  this  plane*    It  is  easily  seen  that  when  we  have  a  body 
absorbing  the  entire  radiation  i*e,  Av»    1,  then  it  follows  from  (23)  that  £„ 


! 


•  Iv     •  i«e.  1^      la  equal  to  the  intensity  of  radiation  of  an  absolutely  black 
body* 

It  is  required  next  to  discover  what  this  universal  function  1^      is* 
(B)    Planck's  Lay,    Planekfs  Law  supplies  the  answer*    Then  intensity  of  radiation 
I^insidi  I  in  thermodyjia«io  equilibrium,  oiy  whiei  iing»  \ 

intensity  or  radiation  or  ah'  aoso'iuteiy  DiacJC  t>ooy  is 


nhere  C  is  the  velocity  of  light* 

The  density  of  radiation  of  frequency    V     i«e,  the  quantity  of  energy 
in  a  unit  of  volume  the  frequencies  of  vhieh  are  contained  betmwn  V    and 
dnd      is  expressed  by  IydV'         as  follows t 


Hence 

/ 


c3          £     , 
e     —  / 


Siibatituting  for  frequency    V    the  wavelength   A  *~rp    -      C/^-~,d\  for  the 
intensity  of  the  radiation  1        «e  hare 


is  tht  intensity  of  radiation  the  wavelength  of  which  are  contained 
between     A       and     A  -H-dr  A     ,    The  constant  eg  has  the  value 

ct  -  •$£  . 

c)     Stefan  -  BoltBr^nn  Law.     Integrating  expression  (86)  with  respect  to  all 
frequencies  we  find  the  following  for  the  density  of  the  entire  radiation 


f>-aT*, 


where 

a  = 


ISc3h- 
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HB  find  for  the  total   Intensity  of  radiation  the  following  by  Integrating 
(24)  with  respect  to  the  frequencies 

/« -£-  r<,  (30) 

=  -£-#.  fsoa) 


7! 

*""  .__Mf  __ 

IS     c*  h3 


Let  us  investigate  the  normal  component 

H  =  ClwsQ 
of  the  flow  of  energy  outward  from  the  absolutely  black  body* 

Here   6   is  the  anf.le  formed  by  the  direction  of  radiation  with  the  normal 
to  the   surface.     As  I,  according  to   (30)  does  not  depend  on  the  direction 


Conversely,  the  temperature  of  an  absolutely  blaok  body  may  be  determined     , 
through  H» 

D)     lien's  Law^    The  value  A^  of  the  wavelength  at  which  I.  hbe  a  maximon  is 

OP»)neoted.with  the  tenperature  by  the  following  relation  which  is  a  result  of 
differentiating   (27) 


Henoe,  the  naaciaaa  of  the  radiation  is  shifted  in  the  direction  of  the  short 
waves"  v&en  the  temperature  la  increases.     liquation  (31)  is  Wlen's  Law* 

E)    The  Bnfcropy  of  Racliation*    The  antropy  of  radiation        is  expressed  by 

the  temperature  as  folloWt 
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where  T  is  the  volume  of  the  vessel  in  which  the  radiation  i*  contained.  On  the 
other  hand  the  entire  energy  of  radiation  E,  according  to  (29),  is  equal  to 


Introduction  (33)  into  (32) 


Lot  there  bo  a  volume  T.  in  which  radiation  is  contained  at  temperature  T} 
and  lot  there  be  a  volume  Vg  where  there  is  no  radiation*  Lot  these  two  volumes 
be  separated  by  a  wall*  When  this  wall  is  broken,  the  temperature  of  radiation 
in  the  now  volume  Vj  *  V.  will  bo  lower  than  T%  (as  appears  from  (33)  )  if  the 
radiation  is  to  remain  that  of  a  black  body  and  th*  energy  E  does  not  change, 
Also,  according  to  (34),  the  entropy  of  radiation  increases* 

§  5*  Quanta  of  Light*  Light  Pressure*  The  electromagnet io  radiation  of 
matter  may  be  Broken  up  into  separate  nonoohromatio  vibrations  of  various 
frequencies  \>  ,  The  energy  cf  the  entire  radiation  is  equal  to  the  sun  of  the 
energies  of  the  separate  monochromatic  vibrations*  The  energy  of  each 
monochromatic  vibration  fe  is  in  turn  equal  to  an  integral  factor  of  the  quantity 
of  energy  hV  where  h  -  is  Planck's  constant* 


nh*  (n~  0,1 ,2,....} 


The  quantity  of  energy  hO     boars  the  name  of  the  "light  quantum"  or 
photon*    Thus  we  may  say  that  the  elec  ro-magnetie  field  consists  of  photons* 
Matter    ay  absorb  and  radiate  only  an  integral  number  of  photons* 

Each  photon  of  energy  hv     has  an  impulse  the  magnitude  of  which  is  equal 
to    hV/C      and  the  diredtion  coincides  with  the  direction  of  the  wave  vector  of 
the  given  monochromatic  vibration*     In  the  capture  of  the  quantum  by  matter  the 
impulse  of  the  quanta  is  transfered  to  the  matter*     Consequently,  whenever  the 
energy  of  the  radiation  E#  proceeding  In  the  ftiven  direction  is  absorbed,  the 
aatter  receives  an  impulse  E/C  in  the  same  direction* 

Under  conditions  of  thermodynamie  equilibrium  the  radiation  is  isotropie, 
i.e,  the  intensity  of  radiation  is  tho  sane  In  all  directions*    Therefore,  the 
impulses  obtained  by  ratter  through  radiation  flowing  in  the  given  directions 
naturally  cancel  each  other  and  tho  resulting  impulse  is  equal  to  zero* 

In  the  absence  of  strict  thermodynamie  equilibrium  a  different  situation 
will  occur.    Let  us  take,  in  a  field  of  radiation  whore  the  intensity  Iy    Is 
a  function  of  the  direction,  and  elementary  rectangular  paralleliplped  dS  • 
•dh  the  de^nensions  of  the  base  of  whJoh  are  large  as  compared  with  the  altitude 
dh.     Let  us  investigate  tha  normal  to  the  plane  dS*    The  normal  component  of  the 
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radiation  I  dea  cos  6  passing  in  a  unit  of  time  through  the  paralleliplped  in  a 
direction  •which  forms  an  angle  0  with  the  normal  and  which  is  contained  within 
the  solid  angle  do>,  is  equal  to  ^f^-  oos2^-dS»  A  part  of  this  inpulse, 
namely  the  impulse  of  the  absorbed  energy  c^'  °°8^  ^  '  dS-dh-se0#,  whei 


where 

smltted 

the  matter  contained  in  the  volume  dS-dh, Thus,  this  volume  will  get  the  impulse 

otdhdS 


the  quantity  a  is  called  the  volume  coefficient  of  absorption^  is  transmitted  to 

rolut 


In  the  direction  of  the  normal*  The  resulting  impulse  obtained  from  the  radiation 
flowing  in  all  directions  is 


Jlcos  t.dt,  = 


where  Hh  is  the  flow  of  radiation  in  he  direction  of  the  normal  towards 


In  this  formula  the  integration  is  extended  to  all  solid  angles  AD  . 

is  the  normal  component  of  some  -vector  H^  with  the  components  Hg  By, 


where 


where  a,  /3  and  /  are  angles  wade  by  the  direction  of  radiation  respectively  with 
the  axes  x,  y,  z, 

Of  the  radiation  I  cos  0  •  dS-dw,  falling  upon  the  given  parmlleliplped  in  a 
unit  of  ti  e«  and  flowing  in  the  given  direction*  a  quantity  a-  1-  eos<?-  dS-d»-ds 
is  absorbed  along  the  path  ds  •  seo#-dh.     Besides,  the  sane  parallel  ipiped 
radiates  in  'he  sane  direction  a  certain  quantity  of  energy  equal  tcffE-dS-  dh  dw 
Therefore^  we  have  the  following  for  the  changes  in  this  path 

d(l<x*  ff)dcj  t/S  =  —oil  cos  6  dS  ds  c/a>-*-oLEcos0  d5  ds  o/cu 
°r  =—  oil  -+-«£. 


It  is  easily  seen  from  this  oquation  that     eotor  H  may  be  represented  as  a 
diverging  of  a  certain  tensor  of  tensions  with  the  components  * 


=  -^r    I  cosy  cosct  c/(k),  /o^— 
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/>«  -  -t 

px-iS1 

/>-- 


y  C/Gi), 


cos  3  cosy  cla}} 


Indeed,  we  may  rewrite   (38)  la  the  form 


but 


whence 


rf/ 

cte      ^5 

c/or 


efy 

dy     ds 


cts 


dz 

•=.  cos 


c/z 
ds 


=  cosJ\ 


dl 


C/Z 


Multiplying  each  in  turn  by  the  ooap6     ,  oos/9       ,  oos 7     and  integrating 
with  respect  to  »  and  noticing  that        J  K  oos  a  d»  »  0      as  the  radiation  i« 
equal  in  all  d5rectiomt  iw  obtain,  aooording  to   (37)  and   (39)  the  following 
system  of  equalities J 


doc 


(40} 


The  tensor  of  ten»ions  p  i»  called  the  tensor  of  light  presaur*.  For 
isotrapHio  radiation,  it  follows  from  (5)  that 


P 


x* 


0 


jrx 


These  diagonal  ooraponents  of  the  tensor  are  called  in  this  case, 
li^ht  pressure",     &»  the  density  of  radiation  P  is  equal  to 


*th« 

f**J 


', 


I 
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The  linht  pressure  for  thermodynejaio  equilibrium  is  equal  to  1/3  of  the 
density  of  the  radiant  energy.  If  the  intensity  if  radiation  at  a  given 
direction  depends  upon  but  one  coordinate  t  and  but  one  angle  f  then,  in  thi« 
case  (-which  is  close  to  reality  in  stellar  atmospheres)  all  the  non-diagonal 
elements  trill  be  equal  to  zero,  and  for  pw  we  shall  have  the  equation* 


In  order  to  compute  the  quantities  p^  and  p  »  we  should  use  the  equality 


nhich  is  true  under  all  cor.diti  ns, 

Formula  (42)  may  be  apr  lied  for  the  deep  layers  of  stars  and  also, 
approximately,  in  the  layers  close  to  the  surface* 

Thus,  we  see  that  the  mechanical  action  of  radiation  upon  the  absorbing 
medium  appear!  in  the  form  of  tansione,  These  tensions  enter  the  usual 
hydrodynMmio  and  hydrostatie  equations  according  to  the  rule  of  hydrodynamics. 


G,  Doppler's  Principle*  Let  us  consider  an  atom  having  some  velocity  Y« 
and  an  inner  energy  &  ,  Let  this  atom  emit  a  photon  in  the  direction  which 
forms  an  angle  0  with  the  direction  of  the  vector*  The  inner  energy  now  receives 
a  new  value  S2t  The  photon  has  an  impulse  P  the  direction  of  the  velocity  vector 
which  is  equal  to  h^/C  •  In  order  that  the  law  of  the  conservation  of  energy 
may  remain  in  "oroe  itJLs  necessary  that  the  atom  obtain  after  the  radiation 
an  additional  tarn  vise  P~whioh_will  cause  a  small  change  in  velocity*  Let  us  de- 
note the  changed  velocity  by  Vj,  If  -we  denote  the  mass  of  the  atom  by  B*  then 
applying  the  laws  of  energy  and  of  impulse  we  may  write 


f 


15 


Taking    &,—  &za  hVe    where  i}0  i*  the  frequency  of  radiation  of  a  static 
atom  and  squaring  the  second  equation  we  may  write 


neglecting  the  quantity  whioh  is  inversely  proportional  to  the  square  of 
the  velocity  of  light  and  comparing  these  two  qualities,  we  have 


or  taking      J  —  l)0  =  A  V 


\ 
For  the  change  of  the  photon's  wavelength  A  connected  with.  by  the  relation 

(?/>;    we  have 


where     zr  i*  the  o  unponent  of  th«  velocity  of  the  atom  in  the  direction  of  the 

extension  o?  the  quantum  of  light*     Should  we  imagine  on  the  path  of  the  photon 
an  observer  with  a  st  cctral  apparatus,  Vzr  *1H  represent  the  velocity  of  the 
atom  as  the  atom  approaches  the  observer*      When  the  atom  moves  away  from  the 
observer   VZr  will  be  negative* 

We  see  that  as  the  source  of  li.-ht  approaches  the  observer  the  wavelength 
diminishes,  and  if  the  source  of  light  moves  away  the  wavelength  increases* 

He  neglected  the  effects  of  relativity  in  t  is  deduction, 
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§  7,  Speotroacoplc  Tenaa^  According  to  quantum  mechanics  atoms  and  molecules 
nay  be  in  various  stationary  states*  The  various  stationary  states  of  son*  p 
particles  are  differentiated  by  indices  or  by  a  group  of  indices*  He  shall 
distinguish  then  at  present  only  by  one  index*  In  each  stationary  state  the 
object  under  consideration  (molecule,  at on,  ionized  atoms,  electron  etc.)  has 
a  definite  energy  E^*  If  wa  have  ^>  En*  for  tiro  oonditiona  n  and  a1,  the 
object  un  er  consideration  *?.uy  pass  from  condition  n  into  condition  n1*  radiating 
energy  equal  to  En  -  En*  with  a  frequency  \)nn>  determined  by  the  condition 


nn 


where  h  is  Planck's  constant*    This  quantity  of  energy,  as  we  know,  is  called 
a  photon  or  a  quantum  of  light*     A  reversed  transfer  from  n1  —  »  n  is  possible 
when  quantum    nv^/is  absorbed. 

Thus  all  frequencies  radiated     and  absorbed  by  the  given  object  may  be 
represented  as  a  difference  of  numbers 

T      En 
''       > 


which  bear  the  same  of  spectroscopio  terms  .Thus 

—  71;—  T, 


If  Tn*  and  Tn  are  discrete  terms,  i,e*  if  none  of  them  is  the  point  of  - 
contact  of  condensation  of  a  group  of  terms,  the  frequency  v^^'is  isolated  from 
other  requenoies  of  the  given  object  and  we  have,  a  spectral  line*  If  the 
collection  of  terms  Tn  contains  a  part  which  entirely  fills  some  interval,  the 
index  n  beocnes  in  this  interral  continuous,  and  the  frequencies 


form  a  continuous  spectrum* 

Transformation*  from  one  state  Into  another  may  take  place  not  only  as  a  -e 
result  of  radiation  or  absorption  of  a  single  quantum,  but  also  unier  the  in- 
fluence of  oth^r  outer  disturbances,  as  for  instance,  collisions  with  other 
atoms,  electrons 


Also  possible  are  transformations  accompanied  by  radiation  (or  absorption) 
of  two  or  more  quanta,  the  sum  of  the  frequencies  of  which  is  equal  to  !)/,„'. 
However      robability  of  such  transfers  is  very  small,  ana  we  must  take  it 
into  considers*  on  only  when  the  trioiafer  with  the  radiation  of  one  quantum  is 
impossible* 


t 
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§  8*    The  S^eotria  of  Hydrogen  liks  Atoms,    The  spectrum  of  hydrogen  or 
hydro,;;en-HW  Ions  (&»+,  L1++,  etoj  1»  i  e   :  T    last.    Thus,  for  instance,  the 
hydrogen  atom  has  the  following  possible  values  of  energy* 


where    d  is  an  electronic  charge,  and  H-  is  expressed  by  the  mass  of  the  nucleus 
M  and  by  t'.e  mass  of  the  electron  m  as  follows! 


. 

M 

i.e.  li  differs  little  froa  m«    Thus  the  entire  collection  of  vali»s  of  the 
energy  consists  of  a  discrete  negative  part  sjid  of  a  continuous  positive  part, 
The  number  n,  representing  the  indicator  number  of  the  d'serete  st.ate,  is  called 
t'  e  total  quant  \m  number.     If  we  let 


then 


and  the  entire  collection  of  the  spectral  lines  of  hydrogen  has  the  frequencies 


*- 

'•  2          2- 


The  series  of  lanes  obtained  by  the  wsy  of  transfers  from  all  the  higher 
states   (n>l)   into  the  first  is  called  Lyman's  series.     The  frequencies  of  these 
series  are  obtained  if  we  set  m  «  1, 


=  R    I '-, 


For  m  m  2  Baiter's  series  is  obtained 


=  #11*     7T2) 


for  tt  »  3  Paso  en's  series  is  obtained  etc.     As  M— »co  these  series  approach  li» 

limits  called  the  head  of  the  saries,  the  frequencies  of  which  are  R,   R/4^    R/g , 
etc.,  respectively.     If  E  >     0  for  the  upper  condition  l,e,  if  it   is  ionized,  then 


for  tve  transfer*  Into  condition  to*  1  various  frequencies  occur  TsMeh  are 
larger  than  R»    Thus,  the  continuous  spa  ct  run  is  always  attached  fron  the 
violet  side  to  the  head  of  the  sreotral  series.    The  sen*  applie*  also  to  other 
series  of  hydrogen  and  in  general  to  all  elements. 

The  transfers  ef  atoms  from  condition  E  <I  0  into  condition  E  ;>  0  are 
processes  of  ionizat'cm  as,  for  E  ;>  0,  the  electron  is  no  longer  connected  with 
the  atom*    Reversed  transfers  are  recombinations* 

If  Z  is  the  charge  of  a  nucleus  of  a  hydrogen-like  atom,  the  only  difference 
from  the  structure  of  the  Hydrogen  spectrum  is  that  the  discrete  terms  hare  th» 
value 


and  hence  all  frquenoies  are  equal  to  the  hydrogen  frequencies  multiplied  by  Z 

Thus,  in  the  case  of  ionized  helium  all  wavelengths  of  the  lines  are  four 
tines  less  t*  an  those  of  corresponding  lines  of  hydrogen*  For  Vam  4  we  obtain 
Pickering's  series  of  ionised  helium, 


It  is  easy  to  show  what  when  n  is  an  even  number  of  these  frequencies 
coincide  vrith  those  of  the  Balmer  series*    The  very  slight  difference  if 
due  to  the  difference  in  R  i.e«  in  |i*    Thus  in  the  Piokering  series  Ht,  every 
second  torn  of  the  series,  coincides  with  a  term  of  the  Balmer  series* 

D 

Each  term  of  hydrogen  -^7  corresponds  not  to  a  sinrle  stationary  condition, 
but  to  a  whole  series  of  t  -em,  The  difference  between  their  energies  la  de» 
termined  by  relativity  corrections  which  we  neglected  t  Each  term  having  the 
main  quantum  nugber  n  corresponds  to  2n^  conditions.  They  differ  among  them* 
selves  by  the  different  wave  function  that  characterises  then.  These  conditions 
may  be  renumbered  with  the  aid  of  indices  /  •  j«  m,.  Index  j  characterizes 
the1  total  monent  of  momentum  of  tha  atom,  including  the  spin  of  the  electron, 
index  If?  is  called  the  (nag::etio)  polar  quantum  number,  and  -f  +  1  is  called 
the  azirauihal  quantum  nu   ir»  For  a  Riven  main  quantum  number  n,  the  quantum 
nuriber  I  assumes  the  values 

o,  1,2.,  ----   n-l 

The  conditions  and  terms  characterised  by  these  terns  "£  are  denoted  re* 
speotively  by  the  letters 
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The  value  of  the  main  quantum  number  is  set  to  the  left  of  the  letter 
character  it  Ing  if,  and  the  value  of  the  cener  al  moment  of  momentum  of  the 
atom  is  set  to  the  right  below*  Thus  the  symbol  4  Pw*  mean*  the  term  for 
which  n  «  4:  I  -  1}  j  -  3/2. 

In  the  hydrogen  and  hydro  en-like  atoias  for  a  given   the  number  3  may 
take  two  values!  /  +  1/2  and  I  -  1/2 

For  civile  value*  of  \  and  j,  m  aay  take  the  following  values  1 

-i,  -i+i,  ...  -/,  o.  /,....  ^  -/,  i 

I.e.  21   *  1  values  altogether. 

A*  J  nay  take  two  values  for  a  glvwn  i  ,  the  number  of  possible  pair* 
of  3  and  m  will  be  2  (21    +  1),     StjF?aert«lng  with  respect  to  all  possible 
values  of  I    we  find  that  for  a  gl^w-en  n  there  are  altogether  2n2  stationary 
states  of  an  atom*     In  order  to  characterize  some  transfer,  the  first  and  last 
terms  are  given,  for  instance 


The  spectra  of  alkaline  metals  or  of  similar  ions  (Ca+,  for  instance)  have 
structure  similar  to  that  of  hydropen*  However,  whereas  in  the  hydrogen-like 
atoms  the  terms  of  the  same  main  quantum  numbers  are  so  close  in  their  level 
of  energy  that  speotrographs  of  great  dispersion  a  -e  required  to  distinguish 
them,  in  the  alkaline  Totals  the  difference  of  two  terms  of  equal  n  but  of 
different  I  may  reach  the  same  order  as  the  difference  of  two  terms  of  different 
n. 


Thus,  for  Instance,  the  terms  3  Dg/2  and  3  D^/g  of  Ca*  lie  between  the  terras  1 
*>l/2  an(1  2  IV/g.    However,  the  difference  between  the  terms  of  equal  main 
quantum  numbers  approaches  zero  as  the  quantum  number  Increases*    The  distance 
between  the  terms  having  the  sane  n  and       but  different  j  is  small  as  compared 
with    ;he  differences  of  terms  having  various  /     for  *  given  n* 

As  J  has  two  values  for  the  given  n  and  I  two  terms  close  to  each  o*.ver 
obrain  which  form  the  ao  called  relativity  doublet*    When  J    m  0,  there  may  be 
oases  when  J  *  1/2  and  J  «  -  1/2,    However,  in  both  oases  we  write  S  1/2,  as 
the  magnitude  of  the  term  depends  solely  on  the  absolute  value  of  J*     In  order 
to  denote  the  doublet  character  of  the  term,  the  number  2  ia  written  on  the  upper 
left  side  of  the  letters  S,  P,  D  ....    For  instance,  22  PjA  and  %    ^1/2  °^  *tost 
Ca+  from  a  doublet.     Whey  they  pass  into  I2  S*/. 
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the  well  known  E  and  K  lines  of  the  solar  spectrum  appear*  The  lines  E  and  X 
of  calcium  and  the  lines  of  other  elements  corresponding  to  a  possible  trans* 
formation  from  a  normal  state  (with  the  least  energy)  into  the  nearest  condition 
in  the  enerry  scale  are  called  resonance  lines,  and  in  the  ease  of  alkali  metals 
are  called  resonance  doublets*  As  was  shown  above*  la  the  case  of  calcium  the 
tern  3  D  is  nearer  to  1  S  M  an  to  2  P«  However,  the  transformations  3  D  -  1  S 
accompanied  by  the  discharge  of  quanta  are  "forbidden",  i,e,  they  are  of  snail 
probability  as  compared,  for  instance,  with  the  transfers  1  S  -  S  P* 

§  9,  Rulos  of  Selections  Metf.Btfcbility^  We  have  seen  that  not  all  trans** 
fers  between  any  two  pairs  of  conditions  of  the  atom  are  possible*  Some  are  of 
so  small  a  probability  that  they  are  called  "forbidden"*  There  are  some  rules 
of  selection  which  enable  us  to  distinguish  possible  transfers  fron  "forbidden" 
ones*  The  most  important  rules  arei 

l)  The  azymuthal  quantum  number  or   must  ct  each  transfer  ehange  by  unity 
on  account  of  radiation  and  absorption*  In  other  words  « 


Therefore,  transfers  of  the  type  n5  -  n*P,  nP  «  n'D  etc*  are  possible,  but 
transfers  of  the  tyte  nS  -  n*F,  nP  -  n*F,  nS  "  nD  ete*  are  forbidden* 

2)  The  quantum  number  j  nay  change  or  not  change  by  unity,  i»e. 

Aj  =  0,^-1. 

For  instance,  the  transfer  3  Dg^/g  -  22  Pj/2  is  possible,  but  the  transfer  of  S2 
D5/2  "  z2  ^1/2  i8  f°rbidden* 


In  nost  oases  the  "forbidden"  1*  of  a  conditional  character,  i*e*  the  cor- 
responding transfers  are  of  small  probability  only  a»  compared  with  those  of 
larne  probability*  Only  in  a  f  ?w  instances  I  he  transfer  with  the  discharge  or 
capture  of  one  quantum  is  impossible,  and  two  quanta  must  be  radiated  or  absorbed* 
Us  shall  not  enter  here  into  details*  In  the  basic  quantum  condition  (with  the 
smallest  energy)  the  atom  remains  a  long  tine  when  outer  disturbances  are  re- 
arranged, The  usual  averar#  life  of  an  ston  in  an  exeited  condition  is  of  the  order 
order  10^  see  or  10"7  sec.  After  an  interval  of  time  of  the  order  asmtioned  the 
atom  spontaneously  passes  into  conditions  of  lower  energy  and  it  radiates  a  photon* 
If,  however,  all  transfers  from  the  given  e-eit.ed  condition  p.re  forbidden*  the 
life  of  the  atom  in  such  a  condition  may  exceed  the  usual  one,  Suoh  conditions 
of  excititations  are  called  agtastable  conditions*  The  previously  mentioned  terms 
for  Ca+,  nauely,  32  Dg/g  z.nd  3Z  Dg/2  anl  3  °3/2  nay  w^*  as  an  example  of 
iuetastal>le  conditions*  :3elow  these  terns  lie  only  the  torn  1*  S  however,  ac- 
cording to  -he  rules  of  selection  a  transfer  into  this  condition  is  "forbidden", 


t 
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Likewise,  the  condition  28  1/2  of  hydrogen  is  metastable  as  t  e  transfer  into  the 
fundamental  condition  1  §\/2  of  hydrogen  from  this  level  is  forbidden,  and  all 
the  other  levels  are  higher  or  of  the  sane  level, 

Of  great  importance  for  astrophysics  is  the  problem  of  the  life  of  atoms  in 
various  metastable  conditions,  or,  which  is  the  same  thing,  the  problem  of 
probabilities  of  "forbidden"  transfers.    Unfortunately,  the  experimental  and 
theoretical  data  in  this  respect  are  few.     It  waa  established  experimentally  that 
in  some  oases  the  life  of  an  atom    reaches  10^  see.    However,  It  is  certain  that 
metastable  conditions  exist  in  which  an  atom  enjoys  a  long  life,  especially  those 
conditions  which  are  possible  only  by  means  of  radiation  of  the  quanta, 

§  10,     Spectral  series  of  alkaline  raotals  and  of  similar  ions.     The  totality 
of  lines  obtained  from  transfers T  ofT  various  conditions  into  conditions  1*  8^/s 

is  called  the  main  scries. 

The  common  term  of  this  series,  has  the  font 


and  for  J  "  1/2  and  j  "  3/2  two  eonponents  of  a  doublet  are  obtained.    The  totality 
for  lines  obta'ned  from  transfers  of  various  D  -  conditions  into  one  of  conditions 
2  P  is  called  the  first  diffuse  series, 

Its  conraon  term  has  the  term 


The  possibile  values  of  J  in  the  common  terms  nay  be  easily  pre  loved    from  th» 
rule  of  selection.     The  totality  of  lines 


rt  =•  3, 

is  called  .the  second  diffuse  series. 
Lines 


constitute  Bergmann's  series, 

§    11,     Spectrum  of  Helium  and  of  Earth«»Alkaline  Metals,     The  totality  of  th* 
terms  of  helium  is  divided  into  two  systems  of  terms.     One  system  consists  of 
triplets  (orthohelium)  the  other  consists  of  singlets  (par-helium).    The  main 
quantum  number  n  and  the  symbol  £  may  take  in  each  system  of  terms  the  *l 
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•yetom  of  values  as  those  of  the  alkaline  petals,  except  that  the  tern  of  1  S 
which  exists  only  in  the  syitisi  of  singlets* 

For  a  plven    Z     the  possible  values  of  J  are  seen  from  the  following  tables! 
System  of  Singlets  System  of  Triplets 


\,y 

1         \x 

01234 

S 

0 

0 

p 

1 

1 

D 

2 

2 

T 

3 

3 

G 

4 

4 

X.   / 
/ 

01234 

B 

S           0 

1 

p       i 

012 

D           2 

its 

F          S 

234 

a       4 

3        4 

6 

The  following  terms  correspond  to  the  main  quantum  number  let  us  say,  3,  ana, 
to  I  *  2  in  the  system  of  triplet  si  3^  Dj,  3^  iL,  3^  Du»  which  together  form  a 
^r*  let  term.   In  the  system  of  singlets  only  the  term  3*  D-  correspond*  to  these 

quantum  numbers.  The  rules  of  selection  within  the  system  of  terms  of  p  -rhelium 
(singlets)  and  of  orthohelium  (triplets)  remain  the  same  as  for  the  alkaline 
metals*  Aa  to  the  intoroombinatlons  between  the  terms  of  parhelium  and  >of 
orthohelium,  they  are  "forbidden"*  Amon^  the  interoombination  lines  the  line  1 
S  -  2^  P,  has  been  observed*  Evidently  there  Is  a  greater  probability  of  trans- 
fer in  this  line  than  for  other  lines  of  interoombination* 


The  condition  2  S  and.  2°  S,  are  metastable  as  transfers  from  then  to  a 
lower  energy  level  IS  are  forbidden.  The  second  of  them  Is  specially  very 
metastable,  Tor  the  transfers  2^  •»  o  |,»  1  are  forbidden  according  to  ^he  rule 

of  selection  AZ.      "     ^  1  as  well  as  on  account  of  the  prohibition  of  Inter- 

combinations* 


In  ^-he  presence  of  an  external  electric  field  many  forbidden  lines  of  helium 
were  observed*     Anong  them  the  line  §5  p  „  48  p  with  a  wavelengh$        •  4470A  Is 

-  4*  D  Tihose        A   -  4472JL 


situated  beside  the  remitted  line 


172A. 


The  spectra  of  the  earth-alkaline  joetals  hav*  a  Jtruoture  similar  to  that 
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of  the  spectrum  of  helium,  fle  shall  note  here  two  Important  differences! 

1)  The  rule  of  prohibition  between  the  terns  of  the  system  of  singlet  and 
lets  is  less  strict  tvan  in  the  case  of  helium  (the  corresponding  probabili- 
ties of  transfer  are  greater). 

2)  The  distances  betTceen  the  term*  of  the  same  triplet  exceed  by  score* 
of  time*  those  of  haiium  where  they  are  so  smell  that  the  difference*  in  wave- 
lenght  are  about  1/8  A*  only  (this  fact  is  the  reason  why  they  cannot  b»  re- 
solved on  stellar  spectrogram*)* 

The  spectra  of  the  elements  which  follow  in  the  periodie  system  are  of  yet 
greater  complexity  than  the  spectrum  of  helium*  Their  investigation  i*  beyond 
the  present  introduction* 

§  12*  Spe  c '  ra  of  Uoleoule s ^  The  spectra  of  molecule*  are  of  a  more  complex 
structure  1          ;he  atom*,  We  shall  say  here  only  a  few  words  about  them* 

The  condition  of  molecules,  -iside  from  the  quantum  number  determining  the 
condition  of  the  outer  electron,  as  in  the  case  of  tht  atom,  is  characterized  by 
additional  quantum  numbers  describing  the  condition  of  the  atoms  forming  the 
molecule* 

For  instance,  for  the  molecule  of  two  atoms  there  aret  1)  The  vibration 
quantum  number  and  2)  the  rotational  quantum  number* 

The  vibfational  quantum  number  characterized  the  vibration  of  atoms  forming 
the  molecule  about  the  position  of  equilibrium*  and  the  rotational  quantum 
number  describe*  the  rotation  of  a  molecule  as  that  of  a  solid  body* 

The  term*  of  the  sane  electron  quantum  numbers  and  of  the  same  vibrational 
quantum  number  bitt  of  a  Hfferent  rotational  quantum  number  (but  of  a  different 
rotational  quantum  number)  are  so  close  together  that  the  spectral  line*  cor- 
responding to  the  transfers  between  two  groups  of  similar  terms  form  the  so 
called  molecular  band  which  oat  be  resolved  into  lines  only  with  speotrogrphs 
of  oomp;  rat  ively  large  dispersion* 

The  bands  corresponding  to  different  pairs  of  vibrational  quantum  numbers, 
but  to  the  sane  transfer  of  ar  electron  form  a  system  of  bands*  A  separate  *y 
system  of  molecular  bands  corresponds  to  each  type  of  transfer  of  an  electron* 

6  13*  The  Einsteinian  Coefficients  of  Transfer*  In  the  absence  of  an  outer 
radiation  each  aton  in  some o'orTd'it ion  n  may  spontaneously  pass  by  emitting  * 
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quantum  of  energy  into  condition  n*  having  less  energy*  According  to  Einstein 
the  frequency  of  such  transfers  is  subject  to  the  following  Isart  If  at  the  moment 
t  there  are  1^  atoms  in  oondit  ion  n,  then  during  the  time  dt t  %  Ag. dt  atl 

tioi^  a'V  '  ^ie  ooeff'lcieiit  of  probaV  lity"  A£J  depend s  only  upon  J 
Conditions  n  and  n*"*  If  there  are  several  conditions  n'  having  less  energy 
than  n,  the  number  of  atom*  which  pass  spontaneously  from  condition  n  into  all 
other  conditions  will  be  determined  by  the  expression 


where  An  "^  /vis  the  coefficient  of  probability  of  the  transfer  into  aiqr 
condition. 

Thus 


whence  it  is  easy  to  see  that  the  average  life  of  the  atom  in  condition  n  is 

T—4- 

*          AM' 

As  we  have  already  said,  Tn  for  the  usual  non-net astable  conditions  reaches 
the  order  of  101"8  sec,  hence  A^^^  10~8  sec"1*    The  frequency  raiiia+ed  in  the 
transfer  n— »n*   is  either  equal  to  or  close  to  "$*„<  —      -•  ~L^'  • 
lor  each  interval  of  wavelength  between  V  and  V-HfQ  there  is  some  probability 
jnn'fy) lC/\>     that  in  the  transfer  n  — »  n*  the  radiation  frequency  will  lie 
in  that  interval.    Evidently    /[/'„„ -fiJ)0t)}=/  .    The  following  formula  developed  by 

Wigner  and  Weisskopf  holds  for  some  of  the  simplest  transfers 


Where  lnrit  =An-+  ^.However,  this  formula  was  derived  for  the  case  where  the 

field  of  radiation  is  absent  at  the  moment  t  »  0«  This  formula  may  be  used,  for 
instance,  for  an  excitation  by  means  of  an  electronic  collision^  In  case  of  an 
optical  excitation  the  behavior  of  funoti on _/),„, fv>J  <iepends  on  the  condition  of 
excitation. 

The  transfers  under  the  influence  of  radiation  are  possible  along  with  the 
spontaneous  transformations.  Let  the  Density  of  the  radiation  in  frequencies 


\ 


contained  in  the  interval  Between   A)   and  v>-i-cl^  be  equal  to     Pvd3       .     Then 
for  each  pair  cf  conditions  n  ;>  n*  there  IB  some  function      K*.(yl)  such  that  the 
roduct 


ia  the  probability  that  the  atom  will  pass  during  the  tine  d  t  under  the  in» 
fluence  of  radiation  from  state  n  into  state  n*  emitting  a  quantum  of  energy  of 

frequency  -\)    ,     Conversely 


Is  the  probability  that  the  atom  will  pass  from  state  n1  into  state  n,  absorbing 
the  quantum   V*     If  A,  Is  constant}  within  that  range  of  frequencies  where  fl", 
and  R?,'  have  a  value  noticeably  different  from  zero,  (within  the  spectral  line), 
then  the  probability  of  transfer  under  the  influence  of  radiation  is  represented 

in  the  form 


and 
respectively,  where 


0 K  IB  ;ion  and  B 

is  called  the  Einsteinian  ooeffioient  ["pST    The  following 

relations  obtain  for  the  two  f-iven  conditions  n  and  n1,  vihose  weitht  is  fn  and 
^n,1  respectively,  between  the  coefficients  A",,   B",      and  B^'. 

«"' 2±  B"   •  A"          SJT/7^3     R~ 

°m  Q      °"'    >  ^n'  —  —3 Dn>  . 

-7/i'  C 

The  following  relation  obtains  between  the  density  of  radiation  p  and  the 
intensity  of  radiation  J^   for  isotropio  radiaticnt  '  v 

Therefore  the  probability  of  transfer  n1  — »  n  under  the  Influence  of 
radiation  of  intensity    _/v    ,  passing  perpendicularly  to  the  area  low2  in  the 
solid  angle  d»,  will  be  equal  to 


The  :  sathenat  leal  expectancy    01'  the  energy  absorbed  is  •goal  to  this 
probability  rmltiplied  by  tie  quantity  of  energy  of  the  quantum  !«•«  aa 
quant  5.  ty  of  energy  passing  through  the  surface  in  the  time  dt  will  be  l 


_-.    .       v          . 

The  ratio  of  these  quantities,  i.e,  the  percentage  of  t.]»  absorbed  energy 
with  respect  f  o  the  total  energy  passing  through  a  unit  of  area,  Is  called  the 
coefficient  of  Absorption  of  a  single  atoml 


If  the  line  is  not  widened  by  various  effects  and  has  the  so  called  "natural" 
w-'.dth  3eto  rained  by  ;  v>e  diminishing  of  radiation,  the  quantity  a£^     for  resonance 
lines   is  of  the  order  of  10~*1«    IBhen  the  lines  widens  this  quantity  becomes 
smaller  as  may  be  shown  from  the  following  consideration* 


on 

the  definition  of  *£•  and  B  £    we  have 


B*>  =    f  k^ 

If  within  the  section  of  frequencies  A\)    In  -which  t^>  has  values  no  smaller 
t  an,  let  us  say,  one  third  of  the  raaxirauHi  value,  then,  denoting  the  nean  value 
K1>  by  jEjf<  we  *iave  ap:  roxijaately 


arid  for  the  nean  value  of  01^  in  this  section  we  have 

rr  .          h  lV'    B!> 


whence  it  is  •  j«irent  that  as  the  line  -sridens    OL^    deoreases, 

The  expression  of  function  CK^depends  in  the  general  case  upon  the  method  of 
exaltation.    The  following  formula  nay  be  applied  to  the  resonance  lines  and  to 
some  other  oases  I 

*  > 


§  14.     The  Expression  of  tly  Einstelilan  Coefficients  by  neans  of  llatrlx 
Element  SA     Siui  I-lr-.      If   ..-o    Vn  4.e  "  ;/   Api1    '/  .-  .'.-.  -"tr'x   --;l«:r.cnt.   -f   3Oor-!J.\  4,2  q 

he  matrix  element  is  diagonal,  *)  then,  according  to  quantum  mechanics,  vw 
shall  '-f-.ve  'he  following  expression  for  the  coefficient  of  spontaneous  transfer**) 


*)     Here  ^nn1   is  a  vector  i*iooe  components  are  i6in',  ^iin1,  jTrvn* , 
*)     Here  only  'he  two-field  radiation  is  taken  Into  consideration*     Therefore, 
according  to  this  formula  the  probability  of  trnasfer  of  the  type  S-D 
Is  equal  to  zero,  although  In  reality  It  dlf f<  re  slightly  from  zero. 
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For  BM  we  have       •   A     (> 

These  formulae  obtain  only  when  the  weight  of  each  condition  n  and  n1  is 
equal  to  unity*  Otherwise,  more  complicated  expressions  are  used  which  we  shall 
omit  here* 

With  the  aid  of  t'^ese  formulae  the  probabilities  of  transfer  for  hydrogen 
and  the  approximate  values  of  these  probabilities  f  >r  sons  lines  of  more  con* 
plex  elements  were  computed* 

Let  us  write  Ileisenberg's  expression  for  the  relation  of  transposition  in  its 
developed  form  for  the  diagonal  elements. 


and  where  n  is  the  mass  of  an  electron,  then 

— 
, 


When  n  >  n1  t  en__^rt.  >0  and  it  is  equal  to  the  usual  frequenoy   tyw/  and  when 
n  <:  n'  ws  have     Vn^>  **»-*  V^n     .    Henoe 


The  usual  notation  is 

\ 

2 


/V*n'    Q 
3h     '  "' 
The  quantities  f^  and  A^t  are  connected  by  the  following  relation) 


as  is  apparent  from  the  repreaeirtationa  of  both  quantities  by  matrix  eleiaents* 
Evidently 


This  equality  is  usually  called  "Sum  Rule"      IThenoe  from  n  •  1 


Therefore,  the  maximum  value  t  for  any  tr  nsfer  from  the  fundamental  eondltion 

nay  not  be  greater  than  unity*  Henoe 


Here  pjjjji  as  well  as  q'nn1   -•  *  vector  with  three  components*    The  product 
is  understood  to  be  scalar. 


Astrophysics!  observations  often  enable  us  to   Determine  the  product 
where  K  is  the  lumber  of  atoms  in  the  first  condition  in  J  he  atmosphere  of  a  star 
(in  a  column,  of  1  era*  cross-section).     As  the  previous  formula  gives  the  upper 
limit  for  A£  ,  we  may  always  determine  the  lower  limit  of  H« 

§  15*     Perturbations  of  Terns,     tfhen  outside  perturbations  take  place  the  terms 
change  their  jaa^iiride ,  and  terms  which  usually  coincided  now  deverge*     A  split 
of  multiple  terns  takes  place*    A  spl.lt  oco-irrlrg  as  a  result  of  a  magnetic  field 
(Zeeman  effect),  for  instance,  differs  greatly  from  one  which  appears  as  a  re* 
suit  of  an  electric  field  (Stark  effect)*     If  the  electric  field  is  of  a  high 
degree  of  heterogeneity,  each  atom  of  the  given  element  fonts  its  own  inag*  of 
the  split  of  terms*    When  put  one  on  tor  of  the  other •  the  spectra  of  such  a  col- 
lect ion  of  atoms  form  one  spectrum  with  widened  lines  ). 

Let  us  investigate  two  terms  Tn1   and  Tn",    Let  them  be,  respectively,  the 
multiples  of  gn,  and  gn*»    "When  perturbations  appear  let  these  terms  split  into 
simple  terms  which  differ  by  a  new  quantum  number  a*    H»  obtain  two  collect 'one 
of  terms  Tn1*1  and  Tn*m"» 

If  we  neglect  the  quantities  which  are  proportional  to  the  first  decree  of 
the  perturbation,  the  following  relation  exist*  for  the  probabilities  of  trans- 
fers of  A",,  and  of  &"„?„•  -before  and  after  the  perturbation  takes  place* 


This  relation  is  called  the  rale  of  speotroseopio  stability* 

Unfortunately,  starting  out  from  this  rule  it  is  only  indirectly  possible 
to  establish  the  relation  between  the  intensity  of  the  line  in  the  absence  of 
perturbations  and  the  sum  of  intensities  in  a  split  line*     Only  for  thin 
radiating  layers  observed  in  terrestrial  laboratories  does  the  rule  of  spectro- 
soopio  stability  hold  as  follows  t    The  intensity  of  a  line  in  the  absence  of 

dties  ' 


rturbations  is  equal  to  the  sum  of  jes  of  ;he  separate  components 

nto  which  b:  e  spectral  line  split's  in  the  disturbing  field* 


*)     A  more  detailed  account  of  the  Tneimi  and  Stark 
effects  may  be  found  int    Frfsch's  Atomic  Spectra, 
1934. 
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2,  Refractors  and  Reflector* 
by  I,  A,  Balanovsky 

The  attainments  of  astrophysics  to  whioh  we  all  bear  witness  depend  not  only 
upon  the  discovery  of  new  methods  of  research  but  also,  In  a  very  larg*  measure, 
upon  the  continuous  improvement  of  instruments  whioh  the  astronomer  must  us*  In 
his  study  of  the  heavenly  bodies  from  this  or  that  point  of  view*  The  instrument* 
used  in  such  investigations  -  speotrographs,  photometers  etc,  —  are  usually 
attached  to  the  telescope  whioh  collect*  In  its  fooal  plane  a  large  quantity  of 
light  and  keeps  the  imag*  of  the  object  under  invest igati on  in  the  came  field  of 
view  by  means  of  special  maohanlsms.  Therefore,  we  must  reooniz*  the  telescope 
as  the  fundamental  instrument  of  astrophysioal  investigation** 

Telescopes  nay  be  divided  into  refractors  and  reflectors  according  to  th* 
kind  of  optical  system  producing  the  real  imag*  of  the  object  under  investigation. 
In  the  refractors  objective*  consisting  of  two  or  nor*  lenses  are  used  for  this 
purpose  while  in  the  reflectors  the  image  is  formed  by  mean*  of  a  concave  para- 
bolic mirror,  Evidently  in  both  oases  th*  larger  tha  aperture  of  the  instrument 
the  brighter  will  be  the  Imag*  obtain**,  Thl*  ability  to  eolleot  light  1*  th* 
mo*t  iir$>ortant  one  in  the  telescope  for  th*  purpose*  of  a*trophysio*»  An  In* 
crease  in  the  effective  aperture  enables  us  to  study  the  fainter  celestial  ob- 
jects and  to  penetrate  deeper  into  the  universe*  However,  it  would  be  wrong  to 
assume  Jhat  this  ability  of  the  telescope  -  it*  light  gathering  power  -  is  *n~ 
tirely  dependent  upon  the  e intensions  of  the  objective  or  mirror*  The  real  light  • 
gathereing  power  depend*  upon  a  series  of  causes  among  whioh  the  most  important 
are  diffraction  and  various  aberrations, 

§  16,  The  Role  of  Diffraction  in  the  Formation  of  the  Focal  Image, 

Because  of  the  tremendous  distances  that  separate  the  heavenly  bodies  from 
the  earth,  the  rays  of  linht  falling  on  the  objective  or  mirror  may  be  con- 
sidered as  parallel.  In  J  is  case  the  rays  collect  at  the  principal  foous  of  th* 
object -ive-  or  mirror.  On  account  of  diffraction  the  image  of  the  shining  point 
will  appear  on  the  fooal  plane  in  the  font  of  a  disk  of  noticeable  diameter  and 
surrounded  by  ring*  the  brightness  of  whioh  decrease*  as  their  si**  increases. 

It  is  possible  on  the  basis  of  the  wave  theory  of  light  to  cwrpute  accurately 
the  distribution  of  brightness  in  the  foeal  imag*  of  the  bright  point* 

If  we  denote  by  r  the  radius  of  the  objective  or  mirror,  the  brightness  at 
any  point  of  the  fooal  plane  is  determined  by  the  expression! 

where  <&  represents  the  following  expression 

7T  f ,   /  n2  ,   /   n*     I    n' 
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For  the  sake  of  brerlty  we  talcs 

n 

where  *  Is  the  distance  In  the  foeal  plane  between  the  point  and  the  optical 
axis,  F  Is  the  fooal  distance,  A  the  wavelength  of  li^ht,  0  is  a  constant 
depending  upon  the  brightness  of  tho  source  of  light  as  well  as  upon  the  trans- 
parency of  the  glass  of  the  objective  or  the  reflective  ability  of  the  mirror, 

The  value  of  function  <jp  nay  be  easily  computed  for  a  sorlss  of  values  of  a 
and  then  we  nay  have  a  fair  knowledge  of  the  distribution  of  brightness  in  the 
fooal  plane*  These  values  are  --Ivan  in  Table  1  (second  column), 

The  third  column  of  the  table  gives  the  brightness,  and  It  is  assumed  that 
the  brightness  for  a  point  on  the  optical  axis  is  equal  to  unity*  Studying  this 
table  ne  conclude  that  the  fooal  image  a  of  the  stars,  which  we  condiser  as  shining 
points  because  of  their  tremendous  distances,  are  represented  as  disks  surrounded 
by  a  series  of  rings*  The  central  disk  eontaines  About  5/6  of  the  entire  light* 
The  brightness  of  the  Tirst  diffraction  ring  is  2°/o  of  the  central  disk*  The 
second  ring  Is  only  0,4°/°« 

Let  us  find  the  angular  radius  8  of  the  little  circle  of  the  dlf  fractional 
ima,~e  of  brightness  I,  As  In  seconds  of  arc 


obtain  from  (45)  and  (45*)* 

floe 


where  D  is  the  disneter  of  the  objective  and 

JT 


CL 


A.5//7/" 

If  we  take  for  n  the  value  corresponding  to  the  first  dark  ring  (I  »  0)  the 
formula  (46)  will  evidently  r.ive  us  the  disaster  of  the  central  disk*  This 
dianetor  is  inversely  proportional  to  the  aperture  of  the  telescope*  As  th« 
aperture  is  dou"  led  the  diameter  of  the  diffraction  disk  is  halved* 

It  is  not  difficult  to  see  that  for  the  stars  th«  degree  of  concentration  of 
light  at  the  focus  will  increase  as  the  disaster  of  the  diffraction  disk  diminish 
es.  Hence  the  light  gathereing  rower  of  telescopes  will  be  in  this  case 
proportional  to  the  fourth  power  of  the  apertures*  However,  because  of  the 
peculiarities  of  the  structure  of  the  ratlna  of  the  human  eye  during  visual  ob- 
servation or  because  of  the  structure  of  the  sensitive  layer  of  a  photographic 
plate  during  photographic  observations,  the  light  gathering  power  of  telescopes 
be  taken  as  proportional  merely  to  the  square  of  the  diameter* 

H  =  CD\ 
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For  those  objects  Which  occupy  some  definite  area  on  the  iky  (planets, 
comets,  nebulae)  the  degree  of  c  neentration  of  lipht  will  increase  as  fthe  focal 
length  of  the  objective  or  mirror  decreases*  In  this  case  the  theoretical 
light  gathering  power  will  be 


§  17«  The  Resolving  Power  of  Tele  scope  s«  We  have  already  seen  the*  the  first 
dark  diffractional  ring  is  obtained  for  n  *  3.8,  Substituting  this  value  intd 
formula  (46)  and  taking  such  values  of  the  wavelength  as  correspond  to  the  greatest 
sensitivity  of  the  eye  and  of  the  photographic  plate,  namely:  A  »  670^  and 
A  •  430^41,  we  obtain  the  diameter  of  the  diffraction  disk! 


'4*0 

-  -  4 

D  ' 


10".  7 
D 


Table  1 


n         cp        I 

n 

T 

1 

o.o    * 

1.0000 

1.0000 

4.4 

0.0922 

0.0085 

4     + 

0.9801 

0.9606 

8 

1244 

0155 

8     «• 

9221 

8502 

5.2 

1320 

0174 

1.2     + 

8305 

6897 

6 

1194 

0142 

6     * 

7124 

5075 

6.0 

0922 

0085 

2.0     + 

5767 

3326 

4 

0568 

0032 

4     + 

4335 

1879 

8 

0192 

0004 

8     + 

2927 

0857 

7.2     * 

0151 

0002 

3.2     + 

1633 

0265 

6     * 

0419 

0017 

6 

0530 

0028 

8.0     + 

0587 

0034 

4.0 

0330 

0011 

4     «• 

0645 

0041 
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In  these  formulae  D  is  expressed  in  centimeters. 


we  may  obrain  an  idea  of  the  resolving  power  of  telescopes*  Let  * 
double  star  be  observed  T&OSO  o  nronents  are  at  a  distance  P"  from  eaoh  other* 
According  to  what  v/-s  said  previously  eaoh  of  the  stars  will  be  represented  by 
a  disk  the  diameter  of  which  is  given  by  the  formulae  already  stated*  Evidently, 
tie  shall  see  both  stars  as  entirely  separated  only  if  p*>8".  This  condition  is 
the  characteristic  of  the  resolving  power  of  a  telescope*  It  is  higher  for 
photographic  refractors  or  astrographs  than  for  the  visual  refractor  having  the 
sane  aperture*  In  reality,  however ,  the  theoretical  resolving  power  is  never 
attained  which  fact  is  explained  by  the  imperfection  of  the  optical  system  and 
the  harmful  influence  of  the  unstable  atmosphere*  In  photographic  observations 
an  additional  impediment  for  the  attainment  of  the  theoretical  resolving  power  is 
the  granular  structure  of  the  sensitive  layers  of  the  photographic  plate* 

§  18,  The  ffiin  Defects  of  Objective  Lenses  and  Mirrors,  The  previoug  dis- 
course had  j  Leal  system  having  no  defects  whatever* 
In  reality  the  optical  system  has  a  series  of  defects  which  greatly  disturb  the 
ideal  daf fractional  picture  to  which  reference  was  made  previously.  These 
defects  are  in  part  a  result  of  the  defects  in  the  glass  of  which  the  objective 
or  mirror  is  made  and  in  part  a  result  of  the  process  of  forming  of  the  image 
of  the  real  object  by  the  optical  system.  All  efforts  of  modern  optical  the 
technology  are  turned  towards  overcoming  these  defects  by  improving  the  quality 
of  optical  glass  so  that  it  may  have  all  the  necessary  qualities  for  the 
preparation  of  faultless  objectives  and  by  repeated  construct ion  of  better 
optical  systems  having  a  minimum  of  aberrations  and  other  faults*  Much  progress 
has  been  made  in  this  field  although  there  is  still  much  remaining  to  be  done* 

The  most  important  defects  of  objective  lenses  and  m'rrors  influencing 
their  light  gathering  power  or  image  quality  and  resolving  power  are  as  follows: 

a)  Spherical  Aberration^  This  depends  on  the  fact  that  rays  falling  upon 
various  zpnos  of  the  objective  lens  or  omcave  mirror  are  not  collected  In  one 
point,  that  is,  the  exfcrerae  rays  are  collected  farther  from  the  focus  than  the 
central  rays*  Therefore  the  image  of  the  shining  point  is  surrounded  by  a  more 
or  less  bright  aureole.  Spherical  aberration  diminishes  as  the  focal  length  of 
the  objective  lens  or  mirror  increases,  but,  on  the  other  hand,  it  increases  as 
the  aperture  becomes  larger,  Bjr  giving  to  the  lenses  a  proper  curvature  it  is 
possible  to  diminish  aberration  greatly,  but  a  residual  aberration  always  remains, 
increasing  by  several  times  the  diameter  of  the  diffraction  disk  and  diminishing 
thereby  the  li^ht-gathering  rower  of  the  refractor*  As  to  the  reflectors,  they 
are  free  from  spherical  aberration  In  the  optical  axis  If  they  have  the  shape  of 
a  paraboloid  of  rotation. 
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b)  Chromatic  aberration  IB  the  most  troublesome  property  of  visual  and 
photographic  refractors  and  Yt  ooours  because  there  is  no  combination  of  len»e» 
of  various  radii  of  curvature  and  of  various  kinds  of  glace  that  would  bring  to 
one  point  all  the  rays  of  various  wavelengths.  Therefore,  it  it  endeavoured  in 
accordance  witli  the  particular  kind*  of  refractors  to  bring  to  a  conmon  foou* 
those  rays  to  which  either  our  eyes  or  the  photographic  plat*  are  most  sensitive. 
In  visual  objectives  the  rays  of  480  -  600^  in  wavelength  are  usually  collected. 
For  astrographs  r  ys  of  400  -  460^  are  usually  selected.  Other  rays  would  be 
col  lee  ed  either  further  or  nearer  than  the  coataon  focus. 

One  of  the  characteristic*  of  the  quality  of  an  objective  is  its  ohronatie 
curve.  The  latter  is  constructed  as  follows  1  the  wavelengths  appear  as  al  so'ssae 

ire  oo rre ST  ending  deviation  of  the  focus  from  the  minimum  as  ordinstes*  Ag 
an  example  3ata  are  given  in  Table  2  for  the  three  instruments  of  the  Pulkovo 
Observatory!  the  30  inoh  refractor,  the  normal  astrograph  and  the  Brsdichin 
astrograph. 

Here  the  deviation  of  the  gi?en  rays  from  the  minimun  is  expressed  In 
fraction  of  the  focal  length.  The  deviation  in  millimeters  would  be  expressed 
by  F,  A  F,  A  comparison  of  the  chromatic  curves  of  f-e  normal  and  of  the 
Bredichin  ustro<;raphs  shows  the  advantages  of  an  objective  of  many  lenses  of  the 
Bredichin  astrograph  type  over  an  objective  of  two  lenses  of  the  normal  as?  rograph 
type  in  regard  to  improvement  in  chroraatio  aberration, 

Chroiaatic  aberration  greatly  diminishes  the  theoretical  light  gathering  power 
of  refractors  ainoe  the  objective  collects  at  its  focus  only  those  rayi  which 
lie  near  the  apex  of  the  chromatic  curve.  The  rest  of  the  rays  scatter  forming 
circles  outside  the  focus  of  greater  and  greater  diameter  as  the  distance  from 
the  apex  of  the  curve  increases. 

The   .Tor  of  the  reflector  collects  at  its  focus  all  the  rays  falling  on 
it  regardless  of  wavelength.  This  is  the  great  advantage  of  reflectors  over  the 
refract ore.  Having  the  same  aperture  the  reflector  ha*  greater  light  gathering 
power  than  the  refractor  because  reflector*  have  no  chromatic  aberration. 

Some  further  defects  in  the  image*  formed  by  objective  lenses  and  by  mirror* 
take  place  as  the  imagr  is  moved  away  from  the  optical  axis.  They  are  a* 
follows:  coma  astigmatism,  and  field  curvature. 

Coma  and  astigmatism  are  distortions  of  the  form  of  the  image  of  a  shining 
point  lying  off  ox'  the  optical  axis.  On  account  of  the  coma  the  image  of  the 
point  ta'es  a  conet-lik*  form  and  it  has  a  very  uneven  distribution  of  brightness. 
Astigmatism  is  raanifiested  by  the  stars  which  are  far  form  the  optical  axi*  taking 
a  cross-like  Term  with  a  bright  center.  An  oxanple  of  image*  distorted  by  coma 
and  by  astigmatism  is  :i ,en  on  Fig,  la  and  b,  * 

*  Fany  half  tone  illustrations  appearing  in  the  original  were  impossible  to  copy 
with  the  desired  degree  of  accuracy  and  the  reader  is  referred  to  the  original 
text. 


Both  of  those  faults  are  of  great  importance  in  reflectors  where  the  field 
of  non-distorted  image*  does  not  generally  exceed  SO1   in  diameter  vihen  a  para- 
bolic mirror  is  used*     It  is  theoretically  possible,  according  to  Sohwarzsohild, 
to  construct  a  reflector  which  would  have  a  more  useful  field*    However,  the  so- 
called  anaberrational  systems  are  not  in  general  use  as  yet  because  of  the  dif- 
ficulty of  manufacturing  the  necessary  mirrors  which  are  of  very  complex  form* 
Only  in  the  last  few  years  the  German  optician  Schmidt,  using  an  original  idea, 
has  been  a, le  to  construct  a  reflector  of  great  light  gathering  power  giving 
astonishingly  clear  photoeraph*  of  portion*  of  the  s|y  up  to  10*  in  diameter* 
As  to  refractors,    hey  are  more     ortunat*  in  thi§  respect*    The  present  day 
photographic  objective*  of  astrographs  are  able  to  cover  a  non-distorted  field 
up  to  10*  in  diameter* 

The  focal  surface  i.e.  the  surface  upon  which  the  rays  converge  best  is  in 
general  not  plane  but     sually  concave  towards  the  objective*     Thi*  circumstance 
is  important  for  photographic  refractors  where  the  plan*  photographic  plate  i* 
set  tangent  to  focal  surface*    The  point  of  contact  i*  called  the  optical  center 
of  the  plate*    The  images  of  stars  situated  far  from  thi*  center  are  more  or  leii* 
>uts'.<ie  of  ti.e   focus*     If  --'••e   vocal   .v,;rrace  is  close  ;-,o  that   tf  a  sy":ere,    ^3 
linear  distances  of  the  stellar  images  from  the  optical  center  of  the  plat*  will 
evidently  be  proportional  to  the  tangents  of  the  corresponding  angular  instances 
when  the  optical  axis  of  the  objective  passes  through  the  optical  center  of  the 
plate*    This  property  is  called  the  nornal  distortion  of  the  objjietiv*^     In 
reality  the  focal  surface  differs  always  more*  or  less  from  a  spherical  surf aoe, 
and  as  a  result  an  uneven  distribution  on  the  plane  occurs  which  oiroumstanee  i* 
called  the  anor-Alous  distortion*     An  effort  is  always  made  to  reduee  the  latter 
in  objectives  built  for  aeourat*  as  ronomieal  work*    The  curvature  of  the  field 
becomes  greater  as  the  focal  length  of  the  objective  lens  or  mirror  becomes 
•mailer*    We  shall  say  subsequently  nore  about  distortion   .hen  we  shall  speak 
about  the  special  propreties  of  photographic  objectives, 

§  H**    The  Loss  of  Light  in  Refractor*  and  Itef loot  ore*     Besides  the  imperfect 
convergence  of  rays  at  the  focus,   'he light  ga^hWrlng  power  of  telescopes  i* 
diminished  also  because  of  absorption  and  reflection  of  light  by  the  lenses*    Let 
us  denote  the  intensity  of  the  light  falling  upon  the  surface  of  the  lense  by  I* 
If  the  index  of  refraction  i*  n,  then  according  to  Fresnal  the  surface  of  the 
lens  will  reflect  the  following  amount  of  light t 


The  quantity  of  lif,ht  passing  through  the  lens  will  be  I,     "I  -  Io» 
When  ..he  light  comes  out  of  the  lens  another  reflection  will  take  plade,  and  hence 
the  amount  of  lipht  coming  out  of  the  lens  will  be! 
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Besides  the  loss  of  light  on  account  of  reflect  ion  llnht  is  also  lost 
because  of  the  absorption  of  lingt  by  the  lens.  If  w  denote  the  coefficient 
of  absorption  of  glass  by  a  and  he  thickness  of  the  lens  by  d,  the  quantity  of 
light  that  will  pass  through  it  will  be  (Lambert's  formula)! 


The  total  loss  of  lij£it  as  a  result  of  reflection  and  absorption  gives  th« 
final  intensity  as  follows: 


We  shall  have  for  several  lenses  the  following  express!  nl 


By  this  formula  it  is  possible  to  compute  the  loss  of  light  in  a  given 
objective  if  the  indJoes  of  refraction,  the  coefficients  of  the  absorption  in 
glass,  and  the  thickness  of  the  lenses  are  known*  The  loss  on  account  of  re* 
flection  for  an  average  objective  of  two  lenses  is  about  30°/o  and  that  for  an 
objective  of  four  lenses  is  about  30^/0  ,  The  total  lost  of  light  in  an  average 
objective  of  two  lenses  is  about  50°/o« 

Table  t 


30  -  Inch  Kefraotor 

Normal  Astrograph 

Bredichin  Astrograph 

F  -  14.1m 

D     =     0.33m 
F     -     3.6m 

D     «     0.17m 
F     =     0.8 

^  in  S*ft 

AF 

/\  -'"  ^ 

A  F 

A   /«yU/< 

AF 

360 

360 

0.00125 

360 

0,00200 

400 

400 

014 

400 

40 

440 

440 

019 

m 

0 

480 

0.00445 

480 

100 

480 

50 

520 

108 

520 

210 

520 

100 

560 

40 

560 

325 

560 

165 

600 
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In  regard  to  the  lost  of  light  the  reflector  has  many  advantages  over  the 
refractor.  The  mirror  of  the  former,  covered  with  a  thin  layer  of  silver, 
concentrates  at  Its  foous  about  90°/o  of  light  that  falls  on  the  mirror.  The 
percentage  Is  somewhat  different  for  rays  of  different  wavelength.  The  reflective 
ability  of  the  silver  layers  diminishes  as  time  passes*  It  Is  therefore  necessary 
to  renew  the  silver  layer  from  time  to  time, 

§  20,  Types  of  Objectives,  A  simultaneous  satisfaction  of  all  the  conditions 
needed  for  the  elimination  of  all  the  faults  of  optical  system  Is  a  very  dif- 
ficult problem  of  practical  optics,  an 3  this  problem  can  be  solved  only  approxima- 
tely. Depending  on  the  purpose  of  the  instrument,  a  few  faults  are  selected  which 
are  eliminated  almost  entirely  while  all  the  other  faults  are  eliminated  as  much 
as  possible. 

The  simplest  type  is  the  ordinary  visual  objective  consisting  In  most  oases 
of  two  lenses t  one  of  which  collects  the  rays  and  is  made  of  crown  glass,  and  the 
other  of  which  scatters  the  rays  and  is  made  of  flintglass.  Such  a  system  corrects 
the  spherical  and  ohromatio  observations  fox  images  lying  close  to  the  opt leal 
axis.  The  remaining  ohromatio  aberration,  the  so  called  secondary  spectrum,  may 
be  practically  reduced  to  zero  in  objectives  of  three  lenses  of  the  apochroaati« 
type.  Such  objectives,  however,  are  used  only  in  refractors  of  comparatively 
small  dimensions  on  account  of  their  large  weight  and  the  difficulty  of 
manufacture. 

Of  considerably  reat  difficulty  are  the  design  and  production  of  photographic 
objectives  with  a  large  useful  field.  These  objectives  require  correction  for 
coma  and  astigmatism.  In  photographic  objectives  of  two  lenses  the  diameter  of 
the  field  suitable  for  accurate  astrophotographlo  measurements  does  not  exceed 
lV2°»  This  is  not  sufficient  for  some  photometric  investigations  and  problems 
of  a  statist leal  character. 

In  order  to  obtain  a  larne  field  of  undlstorted  imtges  and  to  correct  the 
aberrations  it  is  necessary  to  o  n struct  complex  objectives  consisting  of  three 
four  and  more  lenses.  The  improvement  of  astrophotographlo  objectives  has 
proceeded  parallel  to  the  development  of  photographic  optics.  New  kinds  of  glass 
in  addition  to  thelinng  known  crown  and  flint  glass  become  necessary,  A 
search  for  new  kinds  of  optical  class  be;;an  in  the  middle  of  the  19-^th  century, 
but  only  toward  the  end  of  he  last  oontury  was  a  new  assortment  of  optical 
glass  obtained  dur  mainly  to  the  systematic  efforts  of  0,  Sohott  of  Jena,  These 
new  kinds  of  nlass  satisfy  most  of  the  requirements  of  a  modern  astrophotographlo 
objective*).  Of  the  numerous  types  of  astrophotographio  objectives  we  shal?. 
raentlon  here  only  a  few  which  have  found  the  most  wide  spread  application, 

*)  In  pre-revolutionary  times  almost  all  optical  glass,  especially  that 
for  astronieal  purposes  was  imported  from  abroad.  At  T resent  there  are 
establishments  in  the  USSR  which  make  the  most  complex  optical  instruments 
and  optical  glass. 
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First  of  all  we  must  mention  the  doublet  of  the  Ftetzval  type  built  for  the 
first  tiiae  in  1841  of  old  types  of  glass*  The  object ives  of  this  type  consist  of 
two  pairs  of  lenses  divided  by  a  large  Interspace.  With  a  light  gathering  -  power 
of  1/5  they  give  a  will  corrected  field  of  about  4*  In  diameter  (Fig*  2a,  page 
45),*  In  1895  the  English  optician  Taylor  leveloped  an  objective  of  three  lensos 
two  collecting  lenses  and  one  diverging  lens  situated  between  the  other  two  (Fig* 
2b),  Such  objectives  made  by  the  Cook  firm  are  called  triplets  and  *r»  distinguish- 
ed by  an  exoellant  correction  of  the  faults  of  field  with  a  large  light  gathering 
power.  To  the  triplet  type  also  belongs  Zelss's  Teasar  (Fig,  2o,  pa^e  45)  which 
differs  from  the  othor  triplets  by  having  a  conplex  rear  lens.  The  ratio  of  the 
diameter  to  tho  fooal  length  in  as+rotriplets  reaches  1/4,5  and  the  dlam»tar  of  the 
field  with  a  small  light  gathering  -  power  reaches?*.  To  the  objectives  of  great- 
est light  gathering  power  belong  also  the  recently  built  systems  "Ernostar"  and 
Taohar",  The  ratio  of  DtF  may  be  reduced  to  1/1,5,  but  they  are  inferior  to  the 
ether  triplets  with  respect  to  awsrrations,  astigmatism  and  cona*  Nevertheless, 
they  are  widely  applied  in  special  fields  of  astrophysics  where  it  is  necessary 
to  obtain  a  larf,e  section  of  the  Sty  uyon  a  single  plate*  Ross's  system  of 
objectives  satisfies  a  great  deal  better  the  reqxiirements  of  a  ?.«vrge  field  -pith  t 
t  e  faults  vrell  corrected.  Such  requireiaents  are  insistently  requested  by  those 
who  are  engaged  in  accurate  astronetry, 

Ross's  objectives  consist  of  two  collecting  and  two  Diverging  lenses(Fig,  2d), 
and  with  a  comparatively  small  11  ht  gathering  tamr  they  give  a  field  of  about 
100  sq.  de,;rDes,  The  peculiarities  of  those  objective  consist  in  very  sharp 
images  of  stars  ever  tba  entire  field  and  in  an  almost  complete  absence  of 
anomalous  distortion.  Thus,  the  objectives  made  by  Zeiss  for  the  so  called  "gone* 
astrograph  at  Pulkovo  the  anomolous  distortion  does  not  exceed  1"  at  the  edges 
of  the  plate  which  is  20  x  20cm, 

§  21,  Systems  of  Reflect or a,  There  are  several  systems  of  reflectors  of  which 
the  systems  of  Newton  nr-1  of  dassegrain  are  almost  exclusively,  used  at  present, 
In  both  of  these  typos  the  main  collector  of  light  is  a  parabolic  mirror  which  is 
made  of  glass  and  whose  parabolic  surface  is  covered  with  a  thin  layer  of  silver. 

In  the  Newtonian  reflector  the  o  r.ioal  pencil  of  rays  from  the  main  mirror  is 
intercepted  near  its  principal  focus  by  a  small  plane  mirror  placed  at  an  angle  of 
45*  to  the  optical  ax  s.  Thus  the  real  image  of  the  object  under  observation  it 
obtained  at  the  side  of  the  tube  and  just  outside  of  it  (Fig,  3a,  page  46), 

In  the  Cassegra'.n  reflector  a  or:  vex  hyperbolic  mirror  is  placed  on  the  path 
of  the  rays  reflected  from  the  main  mirror.  This  hyperbolic  mirror  is  of  a  small 
diameter  and  it  enlarges  the  image  of  the  object  on  the  optical  axis,  A  hole  is 
usually  ored  in  the  canter  of  the  large  mirror  so  that  the  pencil  of  rays  from 
the  hyptrbolio  nirror  may  pass  through  it  to  the  eye  of  the  oberever.  It  is 
possible  to  avoid  this  o  ns traction  by  inserting  a  small  plane  mirror  which  would 
intercept  4he  encil  of  rays  from  the  hyperbolic  mirror  and  turn  it  aside  to  the 
outside  of  the  type  (Pig,  3b). 
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Because  of  the  hyperbolic  mirror  It  ia  possible  to  oorreot  the  defects  of 
the  image  of  the  main  mirror  and  to  obtain  a  somewhat  larger  field  of  undistorted 
images* 

Reflectors  are  often  so  constructed  that  it  is  possible  to  change  them 
easily  from  the  Casserrainion  system  of  the  Newtonian  and  viee-vere*.  This  if 
done  by  changing  their  upper  par^s  consisting  of  either  a  plane  or  a  hyperbolic 
mirror  or  both, 

§  22,  Investigation  of  Objective  Lenses  and  Mirrors,  A  very  simple  and  con- 
venient nethod  was  proposed  by  I  Kartmann  for  the  investigation  of  the  residual 
faul  s  of  spherical  and  chromatic  observations  and  of  a*tir?nati*B« 

The  objective  of  a  refractor  or  the  entering  aperture  of  the  tube  of  the 
reflector  is  covered  by  a  screen,  bearing  small  opening  distributed  in  such  a  way, 
that  sets  of  four  of  these  openings,  placed  symmetrically  relative  to  the  center 
correspond  to  different  concentric  tones  of  the  objective  or  the  sreoulum  mirror, 
Pointing  the  instrument  to  some  bright  star  it  is  possible  to  obtain  an  out- 
of-foous  photograph  of  such  a  screen.  Let  us  place  a  photographic  plate  first  in 
front  of  the  focus  and  then  behind  It  and  let  two  section*  of  the  focal  scale  A^ 
and  Ag  correspond  to  those  position*.  Then  some  tiro  symmetric  holes  of  the  screen 
produce  images  at  points  aj,  ag,  and  bj,,  bg  (Fig.  4),  Let  us  measure  upon  a 
plate  the  distances  aj_,  ag  «  e1  and  bj,  bg  -  eg.  It  is  evident  from  the  figure 
that  the  sections  of  the  scale  corresponding  to  focus  0  will  be  as  follow*  1 


Applying  this  f  or  -tula  to  any  pair  of  holes  of  the  screen  we  obtain  a  series 
of  values  A£  which  nay  be  vary  for  cones  of  variou*  radii  r  as  well  as  for 
the  position  angles,  cp  ,  of  the  given  pair  of  holes.  The  dependence  of  the 
focal  positien  on  r  shows  that  the  objective  Is  not  free  froa  spherical  aberration 
or  of  zonal  faults.  Its  dependence  on  cp  is  determined  by  astigmatism.  The 
latter  is-raanifiosted  by  the  rays,  lying  at  some  section  of  the  pencil  of  ray* 
corresponding  to  angle  <f  »  (^  0  t  having  the  smallest  focus  whoreas  for  another 
section  of  ^  "  <f  o  *  90  t  e  focus  will  be  largest.  Therefore  we  may  write  for  a 
a  given  pair  of  holes  l 


For  the  other  pair  of  holes  placed  perpend  ioulrly  to  the  first  pair 
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will  be  free  of  as'  Igmatlsm  and  it  vrlll  ni*»  the  position  of  the  foeus  for  the 
tone  of  radius  r.  Finally, 


determines  the  mean  position  of  the  focus  for  the  entire  objective* 

Forming  tho  difference  Ar-  Aj  we  may  compute  the  diameter  of  the  image  of  ths 
shining  point  inasmuch  as  it  Depends  on  spherical  aberration.  It  is  expressed 
In  0,00001  pe.rts  of  the  fooal  length  as  follows* 

7-_  200000 

Fe     Zr 

or  in  seconds  of  arot 

3  =,  2".06  T. 

The  quantity  T  is  called  the  technical  constant  or  Eartmann'  s  const  art ,  and 
It  characterizes  the  quality  of  an  objective  or  a  mirror j  their  quality  Is  higher 
the  smaller  T  is.  Of  the  large  objectives  the  40  -  ineh  objective  of  the  Torkes 
Observatory,  is  considered  the  best.  Its  values  of  T  is  equal  to  0,17,  For  a 
normal  astrograph  at  the  Pulk  vo  Observatory  T  «  0,106, 

In  order  to  investigate  chromatic  aberration  it  is  most  convenient  to  make 
use  of  a  spectrograph  attached  to  the  refractor*  Let  us  cover  the  objective 
by  a  screen  having  two  holes  which  are  ayssaetrioal  with  respect  to  the  center  and 
which  are  perpendioualr  to  tho  slit  of  the  speotrograph.  Let  us  photograph  the 
speotrun  of  a  bright  star  at  two  positions  of  the  silt  of  the  speotrograph  with 
respect  to  the  focus  of  the  objectives  in  front  of  the  focus  and  behind  the  focus. 
Then  the  plate  will  show  two  pairs  of  spectra.  The  spectra  of  the  first  pair  will 
be  concave  to  one  another,  the  spectra  of  the  other  pair  will  be  concave  to  one 
another.  The  neasurement  of  the  distances  of  the  spectra  for  various  wavelengths 
will  enable  us  to  compute  the  positions  of  the  foeus  for  these  wavelengths  Ifcr 
formula  (47), 

§  23,  .Mounting  of  Refractors  and  Reflectors,,  The  optical  power  of  a  telescope 
may  be  fully  made  of  "use  only  Yf  the  mounting  of  the  telescope  is  stable  and  eon* 
venient.  The  tube  of  telescope  is  usually  fastened  to  a  system  of  two  movable 
axes  wh' oh  enable  us  to  direct  the  telescope  towards  any  point  on  the  celestial 
sphere.  One  of  these  axes,  the  one  which  is  situated  In  the  plane  of  the  meridian 
making  an  angle  with  the  horisontal  plane,  equal  to  t^e  latitude  of  the  plane  1« 
called  the  hour  axis  or  the  polar  ax;- js.  The  other  axis,  perpendicular  to  the  first 
is  called  the  t          axis, The  tube  is  fastened  to  the  latter  axis.  Such 
a  mounting  is  called]       -.io  ~.onntlng_  or  an  equatorial  mounting,  A  very 
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Important  part  of  such  a  mounting  is  the  clock  mechanism  which  transmits  to  tho 
polar  ax's  a  uniform  motion,  and  the  olook  mechanism  is  so  regulated  that  a 
complete  rotation  of  the  axis  is  made  during  »  sideral  day.    Then  the  observed 
object  will  automatically  remain  in  the  same  field  of  view  of  a  telescope*     Both 
axes  carry  graduated  circles  wh  oh  serve  for  the  setting  of  th«  telescope  towards 
the  given  object  by  its  right  ascension  and  declination* 

There  are  several  types  of  equatorial  mountings.     Fig*  5  shows  the  30-inch 
refractor  of  the  Pulkovo  Observatory  mounted  by  Repsold  according  to  the  so 
called  fierman  system*     Its  axes  are  fastened  to  a  high  column  of  oast-iron  placed 
u? on  a  nassiva  stone  foundation.    The  defect  of  this  system  Is  ^he  necessity  of 
resetting  of  the  instrument  for  observations  at  eastern  and  at  western  hour- 
angles*     In  the  case  of  photographic  observations  the  column  is  in  the  way  of 
prolonged  exposures  near  the  meridian*    To  avoid  this  a  curved  column  is  used. 
The  noraal  as^rograph  at  Pulkovo  (see  Pig*  10)  is  an  example  o"  such  mounting. 

The  saas    iefeot  is  avoided  in  the  mounting  of  the  so  called  English  typo 
where  the  polar  axis  is  set  on  two  stone  columns.     This  mounting,   in  turn,  has 
the  defect  that  it  does  not  enable  the  observer  to  observe  objects  close  to  the 
Pvle  at  all  hour  angles.    The  72-inoh  reflector  at  the  Victoria  Observatory 
(Canada)    (see  Fig*  6)  is  an  example  of  such  mounting. 

Due  to  the  properties  of  the  optical  system  of  reflectors  they  are  nount4d 
differently.     At  the  upper  end  of  the  polar  axis  is  placed  the  so  called  fork  in* 
side  of  which  rotates  a  cylindrical  box  with  the  main  mirror.    The  40-inch  re- 
f lector  at  Sineis  is  mounted  in  this  manner,     (see  Fig,  7), 
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3.  Introduction  to  Astrophotopraphy 
by  S,  K,  Koatinsky 

§  24,  Advantages  of  Photography,  History,  The  application  of  photography 
is  based  on  '   peculiar  r  ropsrt  ies  and  advantages  of  the  "photographic  eye"  — 
as  we  oall  the  photographic  camera  which  is  built  in  principle  like  the  human 
eye.  Indeed,  the  inner  part  of  the  eyeball  corresponds  to  the  camera  obsoura, 
the  cornea  plus  the  crystalline  lens  and  the  vitreous  humor  correspond  to  the 
compound  photographic  objective,  the  pupil  of  the  eye  corresponds  to  the-llaphmgm, 
and  the  retina  is  similar  to  the  sensitive  layer  of  the  photographic  plate* 
Finally  the  very  process  of  seeing  is  determined  by  the  photo-ohenioal  action  upon 
the  visual  purple  which  corresponds  to  the  action  of  li^ht  upon  the  sensitive 
ehemioal  combinations, 

What  are  then  the  advantages  that  the  photographic  eye  has  above  the  human 
eyet  We  may  define  them  by  the  words:  1)  swiftness,  2)  Documentation, 
^integration;  let  s  analyze  them  separately, 

1)  Swiftness,  Our  eye  receives  impressions  rather  slowly  and  they  dis- 
appear not  all  at-once,  but  In  their  rapid  sequence  a  coalescence  of  impression* 
takes  rlaoe  (the  oi  enato  raph  principle,)  Looking  at  a  panorama  we  must  ob- 
serve it  gradually,  focusing  various  points  for  its  clear  seeing*  On  the  con- 
trary, a  photographic  eye  aees  everything  at-onoe,  with  strong  illumine t ion, 
sometimes  only  In  a  0s ,0001  and  it  has  the  ability  to  resolve  very  rapid 
phenomena  into  their  elements.  This  fact  enables  us  to  study  by  the  aid  of 
photography  such  r  enomena  as  the  structure  of  lightening .the  flight  of  birds, 
the  motion  of  bullets  and  of  canon  -  balls,  the  fall  of  bodies,  etc*  In  its 
apvlications  to  astrononomy  this  property  of  the  photographic  eye,  i.e.  speed 
and  simultaneous  seeing  —  exactly  at  the  same  moment  —  of  several  neighboring 
objects  (for  instance,  a  double  star,  a  comparison  star  and  a  planet,  a  star 
cluster  etc)  is  of  great  importance,  since  it  makes  the  observation  entirely 
differential  wh'oh  cannot  be  said  of  visual  observations.  An  objective  study  of 
such  a  brodf  phenomenon  as  the  "solar  corona"  become  possible  only  with  the 
aprlieation  of  photography, 

2)  Documentation,  With  contemporary,  rreatly  improved  photographic  objectives, 
a  rhotof.raph  rives  us  an  accurate  central  projection  of  the  panorama  on  the 

plane  of  the  plate;  two  photographs  taken  from  different  points  enable  us  to  con- 
struct the  exact  form  of  the  object  photographed  or  the  position  of  various  points 
of  the  panarama  in  space.  Hence,  photographioal  negatives  are  quite  unbiased 
documents  which  do  not  depend  up  n  personal  errors  and  which  may  be  saved  in  an 
archive  usin^  them  from  various  points  of  view*  For  instance,  we  photograph 
some  region  of  the  sky  for  the  measurement  of  the  relative  position  of  the  stars 
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contained  therein?  but  we  may  make  use  of  this  photograph  subsequently  for  the 
determination  of  the  brightness  of  these  starw  as  well  as  for  the   search  for  some 
new  objects  discovered  several  years  later  and  not  noticed  previously, 

3)     Integration,     This  property  *<  B  best  expressed  by  the  phase*  our  eye  whether 
aided  or  not  "the^longer  it  looks  the  less  it   sees",  because  It  get*  tired*     On 
the  contrary,  the  photographic  eye  in  many  oases  "the  longer  it  looks  the  more  it 
sees",  because  the  sensitive  photographic  plate  integrate*  the  weak  impression* 
of  light.    This  fact  is  of  tremendous  importance  for  astrophotography,  for  it  en- 
ables us  to  jrolonglnp;  th«  exposition  and  increasing  the  sensitivity  of  the  plate 
to  obtain  photographs  of  the  faintest  celestial  object*  and  even  of  such  object* 
as  are   invisible  with  the  most  powsrful  telescopes   (the  faint  satellites  of 
Jupiter  and  Saturn,  fnint  nebulae,  some  comets  near  aphelion  etc),    IS*  may  add 
that  t1  e  r   oto^raphio  eye  is  sensitive  to  such  rays  of  the  spectrum  as  the  infra- 
red and  the  ultra-violet  rays  up  to  the   y   (gamna)   rays  which  are  not  directly 
accessible  to  the  human  eye, 

Let  us  say  a  few  words  about  the  history  of  photography  and  its  development. 
This  history  is  of  interest  also  because  astrophotography,  i,e«  the  application 
of  the  photographic  method  of  observations  to  practical  astronomy,  developed 
parallel  to  photography.     It  follows  from  the  previously  given  definition  of 
the  la  ter  consists  of  two  parts*  the  optical  part  nhioh  teaches  us  how  to  con- 
struct correct  images  of  photographed  object*  by  projecting  them  upon  the  sensi- 
tive plane,  and  the  oherJLeal  part  divided  into  the  negative  and  positive-  prooesse* 
in  which  we  acquaint  ourselves  with  the  action  of  radimt  energy  upon  variou* 
substances  and  chemical  combinations  and  with  the  chemical  methods  of  fixation 
this  action.     In  the  middle  ages  and  later  in  the  eighteenth  and  the  beginning 
of  the  nineteenth  centuries  the  action  of  li-"ht  on  the  substance  used  now  1* 
photography  —  namely,  on  silver  chloride   (AgCl)  —  had  been  already  discovered 
and  investigated,  and  it  was  thereby  noticed  that  the  variou*  rays  of  the  spectrum 
blacken  the  substance  unevenly,  a  conception  was  formed  of  two  kinds  of  rays* 
actinic  and  non-actinic   (red)  of  which  the  hfcter  do  not  act  on  silver  oloride 
(Senebier  in  1782,  Ritter  in  1801,  Iserard  in  1812),     In  thi*  period  they  knew 
how  to  construct  a  sufficiently  >'0od  imape  in  the  camera  obseura  but  their  opt  ice 
were  still  very  crude, 

Only  in  the  first  half  of  the  nineteenth  century  were  serious  investigation* 
and  discoveries  made  which  led  to  modern  photography.     We  must  note  the  names  of 
three  men  —  two  Frenchman  and  one  Englishman  —  who  had  done  most  in  this  field 
and  who  r.-ay  be  truthfully  called  the  "father*  of  photography";  J,  H,  Ulepoe,  1766 
1833,  L,  J,  Daguerre,  1737-1051,  und  Fox  Taibot,  1800-1877. 

The  first  of  them  —  Niepoe  —  was  first  to  obtain  a  positive  and  quite 
fixed  im-Mg*   (i.e.  an  image  which  does  not  change  by  the  action  of  light;;  h« 
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also  obtained  the  firat  etched  olinhe  on  a  netallie  plat-*  and  thus  laid  the 
bases  of  heliogravure   (1824),     Daguerre,  who  worked  together  with  Neipoe  from 
1829  on  and  nftio  improved  the  optical  part  of  the  photooamera,  made  a  notable 
d'scovery  (after  Nlepoefs  death)  of  the  so-called  "hidden  image"  on  silver  iodine 
which  he   ("developed"  as  we  say  now)  by  the  valours  of  mercury  (1835) *     This 
discovery  was  of  tremendous  importance,  ror  it  made  possible  the  shortening  of  the 
exposure  down  to  a  few  ninutea  whereas  Kiepoe  used  several  hours  in  full  sun- 
light*     It  became  possible  to  photograph  animate  objeots  (portraits~daguerr»otypes) 
and  it  was  not  for  nothing  that  the  famous  astronomer  F»  Arago  in  his  report  to 
the  French  Aoadaray  of  Sciences   (August  19,  1839)  rropheisled  the  great  application 
of  photography  in  the  future  ;n  all  science  including  astronoiajr*     As  the  first 
atta'nnent,  daguerreotypes  of  the  Moon  and  Sun,  and  even  bright  stars   (Drarer, 
Bond,  Fizeau,  P'ouoault  etc)  were  soon  obtained*     But   in  spite  of  the  clearness  of 
detail  on  the  daguer retypes,  they  soon  disappeared  from  general  "se  especially 
after  F,  Talbot  nade  the  following  gr'?«b  gtep  in  the  improvement  of  photography. 
The  daguerr'^ype  is  a  positive  image  on  a  Metallic  plate,  and  a  now  photo^^raph  is 
required  in  order  to  obtain  a  seeond  copy*     Talbot  offered  to  use  the  negative 
(i»e,  'he  reverse  image)  which  he  obtained  on  a  slmiwtranaparent  paper  raado 
sensitive  by  silver  chloride  with  addition  of  some  silver  bromide  and  silver 
nitrate*     At  first  he  used  the  visible  image  (blackening) ,  Ister  he  used  the 
hidden  ima/^  produeing  <t  by  the  pyrogallie  develop  r  similar  to  the  one  used  at 
rr  'sent  and  he  stabilised  it  by  pyposulphite  upon  the  advice  of  John  Hersohel 
(1841). 

Fro!a  the  seoond  half  of  the  nineteenth  century  up  to  the  present  day  the 
ircporve:!»nt  of  photography  has  gone  rapidly  forward*     In  1848  the  paper 
negatives  of  Talbot  were  replaced  by  glass  plates  covered  by  some  suitable 
substance  such  as  albumen  starch  etc.  which  were  made  sensitive  by  the  haloid  salts 
of  silver  anl  became  the  carriers  of  photographic  processes   (Uiepce  de  St.  Victor), 
In  1851  the  famous  war  collodion  process  (Lagray,  Archer,  Fry)  was  developed  which 
is  used  even  at  the  present  day  especially  in  photomechanical  processes.     This 
method,  in  spite  of  sorae  inconveniences   (the  impossibility  of  a  long  exposure) 
had  found  application  in  astrophotograp  .yJ  excellent  photographs  of  the  Moon  and 
Sun  were  obtained   (Warren  de  la  Rue,  1052,  and  others)  and  even  special  instruments 
—  the  photohelloRraphs  ~  were  built  for  systematic  solar  observations   (in  Kew, 
England  and  Vilno,  formerly  Russia,  now  Poland),     Instruments  of  such  a  type  were 
applied  to  the  yhotonraphying  of  the  trar.sit  of  Venus  over  the  solar   r  sk  in 
1874,     In  America  photographs  of  stars  were  obtained  which  were  suitable  for 
accurate  measurements   ('Bond  and  his  co-workers  in  Cambridge,   in  1857  and  Rutherford 
in  1864)j  this  was  the  beginning  of  phot qgrap h i o  a st r oment ^,  i»e,  the  application 
of  photography  to  astrometric  problems. 

Of  L  e  next   stages  in  the  development  of  pho'  y  WB  shall  mention  the 

following '  the   ^scovery  of  the  bromo^elatine  emulsion  by  Maddox  in  1871,  the 
discovery  of  a  method  to  increase  its  sensitivity  by  the  so  called  "ripening" 
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(Bonnet,  1678)  and  also  with  the  aid  of  ammonia  (van  MonoXhoven,  1879),  and 
finally,  the     ndustrial     roduotlon  of  hl^ily  sensitive  dry  bromogelatin*  plat* 
beginning  in  the  eighties  of  the  last  century.    The  latter  attainment  had  so 
simplified  photographic  operations  that  even  children  war*  enabled  to  play  with 
it*    The  application  of  photography  to  numerous  fields  of  Science  and  especially 
to  astrography  innaediately  followed*  the  astrograjrhio  labors  of  Hill,  CciMon, 
Hnggins,  E*  Piclcering,  Janssen  and  of  the  Henri  bros»  in  the  period  led,  finally, 
to  the  grand  idea  of  making  an  atlas  and  oatalogu*  of  stars  of  the  entire  stellar 
heavens  by  jhotonraphy*     (see  r»  86,  ^art  I  in  Russian) • 

§  23*     Opt  hotojTarhy*    The  main  apparatus  for  the  construction  of 

an  accurate  photographic  Inn  e  is  th«  photoca^era  consisting  of  three  m*,?a  parts! 
t  9  oamera-obscura,  the  objective*  and  th*  plate  holder  which  contains  thit  plate 
and  which  is  fastened  to  the  camera  from  the  Bid*  away  from  the  objective  ~  in- 
stead of  the  araque  glass  with  the  aid  of  n*iieh  th*  focusing  is  made*    Becesssiry 
conditions  for  every  photocnraera  arel  l)  complete  opacity  and  absence  of  light  in 
the  oanera»ol ^oura  and  in  the  plate  holder,  2)  the  possibility  of  changing  th* 
distance  between  the  objective  and  the  opaque  glass  (or  th*  plat*  holder)  in 
order  to  bring  the  surfac*  of  the  plate  into  the  main*  or  conjugate  focus  of  th* 
objective,  wid  3)  the  centering  of  the  objective  so  that  its  optical  axis  be 
perpendicular  to  the  surface  of  the  Inserted  plate* 

Caraeras  are  of  various  sizes  an^.  onst  ruction*    We  nhall  speak  here  only 
about  aci  rophotographic  cameras  which  consist   in  most  cases  of  an  ordinary 
astronomical  telescope  with  a  constant  pfirallaotio  mounting  ••  in  order  that  th*  , 
diurnal  motion  of  the  :  eavens  may  be  more  conveniently  observed  «••  but  which  ar* 
equipped  with  special  photographic  objectives,  i*e#  such  objectives  that  collect, 
in  4he  r.ain,  actinic  rays*     The  peculiarity  of  thee«  oameras  as  well  as  of  their 
plate  holders  is  that  they  are  almost  exclusively  made  of  instal  which   IB  necessary 
in  accurate  wc-rk  in  order  to  avoid  deformation  of  the  apparatus  of  humidity  (in 
t  e  o-.  en  air)»     Often  such  cameras  ar*  united  with  visual  astronomic  insturaents 
and  then  a  photographic  refract  or   (or  reflector)  or  the  so  called  "astroftraph" 
is  formed* 

W«  s'  all  not  enter  here  into  the  minute  detaili  and  contrivances  of 
astrophotographio  cameras}  we  shall  merely  raention  the  instantaneous  shutters 
(snapshots)*     These  shutt-ra  placed  before  the  object iv*  or  before  th*  plate  or 
immovably  joined  to  the  objective   (between  two  Gauss  points)  are  ur-ed  when  +he 
length  of  tbe  exposure  is  to  last  only  a  fraction  of  a  second  (  -=^   0.2)  ae   in  th* 
case  :.o  raphing  tho  Sun  or  the  Koon*    They  c  r.sist  essentially  of  on*  or 

several  oj ..ague  screens  moving  straight  or  opening  radially  by  a  practically 
iastantaneous  objective   (the  front  Ions)  and  of  any  diwptrical  tyst*m,  such  as 
that  of  oonpreseed  air*     Changing  the  magnitude  of  -'he  'muls*  it  is  posslbl*  tc 
vary  the  velooi'y  of  the   shutters,  and  in  some  oases  an  exposure  of  only 
of  a  second  is  reac3\ed* 
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Let  us  turn  now  to  the  problem  of  photographic  object ives.  As  their  basic 
properties  were  considered  previously  in  subohapter  2,  we  shall  merely  toueh 
uron  their  spec'al  character i sties  which  are  significant  in  astrophotography. 

In  using  the  photographic  objective  it  is  necessary  to  know  its  light 
gathering  power  (or  its  photographic  aperture)  which  is  in  practice  determined  by 
the  ratio  d/f  ,  where  d  Is  the  diameter  of  the  objective  and  P  is  its  principal 
focal  length*  Let  us  note  that  according  to  the  well  known  rule  of  Gauss  (see 
N,  Zinger  "A  Course  in  Astronomy",  Section!  Practical  Astronomy)  it  is  always 
possible  to  f'nd  on  the. main  axis  of  the  dioptrical  sys  era  of  a  complex  objective 
two  ro'nts  which  are  called  the  main  points  and  which  are  at  equal  distance 
("  Fj  from  the  main  foci  of  the  system  and  from  which  the  object  and  its  focal 
image  subtend  equal  an.-les.  This  rule  holds  only  within  certain  limiting 
conditions,  nanely,  when  the  angle  of  inclination  of  the  extreme  ray  falling  on 
the  objective  to  the  central  axis  of  the  objective  is  sufficiently  small  (cos 
of  the  angle  ~1),  For  the  objectives  of  comparatively  small  field  of  rialon 
as  the  aatrophotographio  objectives  usually  are,  this  condition  is  nearly  ful~ 
filled,  but  for  the  so  called  "wide-an,~ledw  objectives  it  it  necessary  to  us*  * 
diaphragm  which  removes,  more  or  less,  the  extreme  rays  and  thereby  lessens  all 
those  defects  in  the  formation  of  the  image  of  which  we  spoke  in  subohapter  2, 
In  this  case,  "the  diameter  of  the  objective*,  or  the  diameter  of  "aetinioaperture" 
equal  to  d  is  the  diameter  of  the  diaphragm  when  it  is  placed  In  front  of  the 
object ive,  and  it  is  somewhat  larger  (determined  empirically)  when  the  diaphragm 
is  placed  inside  of  the  objective  —  between  its  main  points  ("iris"  diaphragm). 
The  optical  constant  of  the  objective,  d  and  F,  are  usually  approximately  given  • 
by  opticians,  and  the  focal  ratio -^--  -5-  it  often  denoted  on  the  ring  of  the 
diaphragm,  for  «ts  various  sizes,  in  the  pora  of  Ftp,  but  these  numbers  r*y  be 
determined  accurately  by  special  experiments  by  photographing,  for  instance,  a 
scale  of  a  known  length  from  var  ous  accurately  measured  distances. 

The  principal  focal  lonrbh  F  determines  the  scale  of  the  photograph  as  well 
as  the  angular  size  of  *he  fV*  ->f  view  of  the  "photographic  eye",  "The 
utilised  field  of  vision  "or"  the  "fiell  of  sharp  image"  are  used  as  technical 
torms,  for,  an  account  of  residual  fefects  o-"  the  objective,  the  images  gradually 
become  worse  as  they  recede  from  he  center  of  the  field*  This  faet  is  especially 
noticefible  ir  photographing  with  long  exposure  the  stars  of  the  sky  (the  best 
test  for  any  photographic  objective).  However  the  meaning  of  "sharp  image*  is 
of  somewhat  conditional  character  and  it  depends  upon  the  requirements  of  the 
problem.  Terrestrial  photographs  require  a  sharp  ixnnge  upon  th*  entire  plate 
(the  object ive  "covers"  the  entire  plate)  and  therefore  only  sneh  sices  of  plates 
are  useu  the  diagonals  of  vihioh  do  not  exceed  the  Diameter  of  the  field  of 
sharp  ira&gej  this  rule  is  not  applied  to  astrophotography  and  the  plates  used  are 
of  large  size,  but  only  the  •central  part  of  the  plate  is  utilised  in  measurements 
according  tc  the  requirements  of  the  given  problem. 
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It  follows  from  what  we  have  said  that  the  use  of  the  diaphragm  will  in- 
crease the  field  of  sharp  iraa  e,  although  it*  illumination  will  decrease*  It  ia 
eagy  to  see  from  geometrical  constructions  that  the  brightness  of  illumination 
on  one  square  unit  of  surface  of  the  plat*  (at  the  principal  focus)  will  be 
propoetional  to  (?/F  )* 

It  is  necessary  to  mention  another  circumstance  in  connection  with  the 
construction  of  a  simple  photo-objective  of  two  lenses*  It  is  of  great 
importance  In  photographie  astrometry.  If  the  spherical  aberration  eto*  is  well 
eliminated  in  the  objective,  the  foeal  surface  of  the  objective  may  be  taken 
to  be  close  to  a  sr'  erioal  surfao*  described  from  the  rear  principal  point  of  the 
objective  H  (Fig.  8)  by  a  radius  equal  to  the  principal  foeal  length  S 

Let  plate  eD  perpendicular  to  the  main  axis  of  the  objective  HP  be  tangent 
to  this  sphere  at  po'nt  FJ  this  point  is  called  the  optical  center  -of  the  rl**«» 
and  the  image  of  a  star  obtained  at  this  point  will  have  the  form  of  a  small 
circle  blackened  uniformly.  On  the  contrary,  the  image  (of  a  star)  which  ia  at 
a  distance  AF  (in  angular  treasure)  from  P  will  be  circular  only  at  a  point  A» 
but  on  the  plate,  at  point  B,  it  will  have  the  form  of  an  ellipse  whose  major 
axis  is  turned  towards  the  optical  canter  of  the  plate.  Evidently,  measuring 
on  the  plate  the  distance  HP  we  shall  obtain  the  tg  of  aro  AF  t  and  not  the 
angular  distance  AP  of  the  uwo  atari  |  this  phenomenon  is  called  the  normal 

.stcrtion  of  the  objective  and  is  taken  ;nto  consideration  in  BieasuremenTs. 
tfowsver/Tn  practice  we  ->ay  ask  the  following  question!  Theoretically  we 
should,  in  measuring  set  on  the  center  of  ellipse  Bt  but  will  it  be  uniform 
so  that  we  may  easily  find  the  center?  In  other  words  what  will  be  the  distribu- 
tion of  intensity  within  this  ellipse?  The  answer  to  this  question  was  riven  by 
the  opticians  Steingel  and  AbbeJ  the  first  of  ^hem  investigated  the  objective  of 
the  Konigsberg  helioraoter  and  obtained  results  given  in  Pig*  9s,  and  0b*  Here 
9a  is  the  front  surface  of  the  objective,  on  which  25  points  are  noted  where  25 
rays  pass  from  an  oblique  peneil  of  p  rallal  rays  producing  an  image  50*  from  the 
center  of  <he  field  of  view.  Fig,  0k  shows  the  places  where  theoorresponding 
rays  fall  in  the  'mage  and  it  shows  the  extreme  one-sidedness  and  inequality  of 
the  d  stributlon  of  light  (similar  to  the  phenomenon  of  coma)*  On  the  contrary, 
Pig,  9c  represents  (according  to  the  o  imputations  of  Abbe)  the  distribution  of 
the  saiae  rays  if  in  tho  obstruction  of  the  objective  the  so  called  condition  of 
sines  were  observed  which  «sy  be  briefly  stated  as  follows?  The  nidlX? 


ed^e  of  the  objective  must  have  the  sans  true  principal  focus  for  rays  of  average 
refraction.  "Obviously,  an  approximation  to  this  condition  is  vary  desirable  for 
accurate  astrophotographio  work*  Ws  shall  not  describe  the  photo-objectives  used 
in  astmmphotography  in  detail,  we  shall  only  say  that  they  are  divided  into  two 
fundamental  classes:  1)  objectives  of  short  fool  and  of  great  light  gathering 
power,  almost  always  of  may  lenses,  of  small  sonle  and  large  field  of  viewj  they 
are  used  mostly  ^or  pure  astrophysioal  problems  (photometry,  spectral  analysis)* 
also  for  surveys  ("Durohmustsrung")  and  for  the  photography  of  faint  objects 
(commets,  nobulaej  minor  planets  etc)  with  the  p  rpose  of  an  approximate  determina- 
tion of  their  position  and  2)  objectives  of  long  focus,  of  comparatively  small 
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light  gathering  power  usually  only  o"  ^wo  lenses  (rarely  of  three-Ion se»)  hi 
a  small  field  of  view,  but  a  large  scale  and  used  for  very  aoourate  astrometric  m> 
work  (stellar  parallaxes  and  proper  motions,  accurate  po*iti  ns  of  planet*  and 
their  satellites,  aoourate  position*  of  individual  star*  etc).  Let  us  al»o 
mention  the  now  widespread  us*  of  reflector*  (mirrors)  which  on  account  of  their 
large  lir;ht  gat'-.ering  power  ard  absolute  achromatism  are  very  useful  for  the 
a*trophysioal  investigation*  of  faint  object*!  they  are  les*  useful  for  pure 
astrometric  work  because  of  their  amall  usable  field  of  view  and  also  for  other 
reason*, 

§  26,  The  C? en  oal  Part  of  PhotofTaphy,  Having  obtained  a  oorreot  image  of 
photograr'  ed  object*  on  the  surface  of  he  plefee,  we  nust  now  consolidate  it  on 
th*  plate  taking  advantage  of  the  fact  that  the  light,  or  more  accurately  the 
radiant  energy  act*  upon  various  bodie*  and  chemical  combination*  making  more  or 
les*  profound  changes  in  their  physical  and  chemical  properties.  This  change  is, 
in  general,  an  inor-asing  function  of  the  brightne**  of  the  light  and  of  the 
length  of  its  action  as  follow*  from  Vant  -  Eoff**  law!  the  quantity  of  the  photo* 
chemically  changed  substance  's  directly  proportional  to  the  quantity  of 'absorbed 

energy,  A  oorolYary  of  this  law  i**  only  those  rays  ^hioh  are  absorbed 
act  (Draper  ^DFrotgue  law), 

Hence  it  is  evident  that  theoretically  many  substance*  might  have  served  for 
the  purpose  indicated  above,  but  in  practice  only  those  are  selected  upon  which 
light  reacts  strongly  and  which  are  easily  consolidated.  Tie  have  seen  from  the 
history  of  photography  that  such  substances  are  mostly  haloid  salts  of  silver, 
i.e.  silver  ohlorid  (AgCl),  silver  bromide  (AgBr)  and  silver  iodide  (Agl),  The 
la  ter  combination  i,e.  silver  iodide  iras  used  in  daguerreotyplng  in  the  wet 
collodion  prooer.s  which  i*  of  value  evon  at  present  in  astrophotoRraphy  in 
photography ing  the  Sun  on  account  of  it*  superior  fineness  of  details  obtained, 
Silver  chloride  is  less  sensitive  than  silver  bromide  (in  the  hidden  image)  and 
it  is  applied  chiefly  in  the  positive  process  (diaposition  plate*),  but  even  it* 
less  sensitive  plates  (such  as  the  so  called  Gaslight  -  plate*,  for  instance)  are 
also  sed  for  the  photographing  of  the  Sun  and  for  very  bright  object*  in  general. 
Finally,  the  silver  bomide  i*  usod  in  the  preparation  of  les*  sensitive  a*  well 
as  highly  sensitive  plate*  of  variou*  kinds,  and  it  is  of  the  greatest  Importance 
in  contemporary  photography. 

Upon  the  three  chemical  combinations  indicated  act,  only  the  actinic  ray*  1, 
e.  the  blue,  violet  and  ultra-violet  ray«|  but  the  maximum  of  their  action  lie* 
in  differ     rts  of  t'<e  spectrum  for  each  of  these  chemical  combination*  (in 
the  ultra-violet  for  AgCl,  in  the  blue  for  AgBrt  and  about  438(41  for  Agl), 
Eowvtir,  there  are  methods  based  on  Draper-Grotgu*  law  for  making  the  bromonelatine 

'•e  sensitive  also  in  other  ra*t*  of  the  spectrum.  Indeed,  H,  W,  Vogel  showed 
in  1873-75  that  it  is  sufficient  to  "paint"  the  Rrain  of  the  plat*  with  sow 
organic  i    ^  in  order  to  make  (.hem  absorb  ray*  of  definite  length  and  thus 


Passing  to  the  problen  of  determine  t  ion  of  leagJSi  of  exposure  for  the 
obtaining  of  a  Mdden  image  and  its  so  called  de-selopnsnt,  we  most  consider  ft 
few  of  ^:he  hypotheses  on  the  nature  of  these  images*    There  are  six  hypotheses 
offered  (three  chemical  and  three  physical  ones)*  and  more  or  less  substantial 
objections  nay  be  raised  against  aqy  of  them,  so  that  the  matter  is  not  de- 
finitely settled  yet*    But  we  shall  take  as  *  working  hypothesis  that  as  a  re- 
sult of  the  sufficiently  strong  action  of  the  light,  a  certain  amount  of  metal- 
lic silver  is  freed  (in  the  latent  image)  the  grains  of  1*1  ioh  are  centers  of 
attraction  for  more  silver  that  is  liberated  in  the  heloid.    Us  should  add  the 
following}  experience  show  that  there  IP  a  so  called  "threshold"  of  sensitivity 
for  each  kind  of  emulsion  as  it  is  necessary  to  give  it  a  certain  minima 
quantity  of  energy  of  light  in  order  that  the  process  of  separation  of  silver 
metal  nay  start* 

Let  us  imaglat  that  we  are  photographing  a  sufficiently  bright  star  (or, 
in  general*  any  bright  point)  and  that  we  gradually  lengthen  the  exposure}  no 
sooner  do  we  pass  the  threshold  of  sensitivity  of  the  plate  in  the  circular 
area  where  the  image  of  the  star  is  f  ormed,  few  particles  of  silver  bromide  will 
suddently  decompose  and  will  liberate  the  metallic  silver*    Suppose  this  circular 
spot,  which  is  called  "the  circle  of  limiting  or  limit  iuttse*,  contained 
although  n  particles  of  AgBr,  and  assume  that  in  the  first  moment  x  particles 
were  proportionality  decomposed}  it  follows  from  Yant-Hoff's  lear,  that  the 
factor  of  quantity  of  silver  separated  should  be  proportional  to  the  product 
1  T  whore  1  is  the  brightness  of  the  Incident  li£nt  ^star's  image)  and  T  is 
the  period  of  exposure  (Boaeo-Bunsen  low)*    On  the  other  hand  we  may  assume 
the  further  decomposition  of  AgBr  will  proceed  more  slowly  as  the  msaber  of 
limited  image.    Hence  TO  nay  twite  i 


dx   —  s  (n-ac)tc(t 


where  dx  *a  the  inwenent  of  the  silver  sediment  in  the  next  ele:^ent  of  tiisi 
dt,  and  inhere  s.  is  some  multiple  of  proportionality  characterizing  the  sensit 
tivity  of  the  plate.    Dividing  t>e  variables  la  the  equation  and  i  itegratiag 


frort  0  to  x  and  from  0  to  T,  laSiere  T  is  the  <sntire  period  of  exposure,  we 


-^=  e.*iT 


and  hence t 


or  taking  the  ratio    —•    as  the  rate  of  blackening  ws  have 


blackening  Z±-~/—€   (Mifchalke's  forntula) 
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From  this  formula  the  conclusion  may  be  drawn  that  for  long  exposures  the 
relation  between  the  blackening  of  the  negative  and  the  exposure  is  best  ex- 
pressed by  a  logarithmic  function)  astrophotographio  observations  confirm  this 
oondluaion*  However,  we  must  state  that  Miohalke's  formula  may  have  only  an 
approximate  value  as  it  is  derived  on  the  assumption  that  the  process  of  the 
formation  of  the  hidden  image  is  a  purely  photochemical  process.  This  would  be 
so  if  the  gelatine  itself  were  of  no  influence  in  the  process*  But  experience 
and  observations  show  that  the  gelatine  is  not  indifferent  to  this  process}  it 
nay,  for  instance,  hold  bacV:  and  even  collect  the  separating  haloid  which  acts 
on  the  silver  and  thus  the  -  rooess  may  slow  down,  stop  or  even  go  into  reverse 
as  it  occasionally  observed  (the  phenomenon  of  solarization).  Schwareschild's 
investigations  and  those  of  other  show  alto  considerable  deviations  from  the 
Roseo-Bunzen  law!  instead  of  the  expression!  IT  *  const  the  following  formula 
is  offered 


=  const". ' , 

where  p  *  0,8  -  0.9. 

For  terrcs  rial  photographs  were  T   (or  if)  is  a  small  quantity,  Michalke's 
formula  may  be  transformed  into  a  series,  and  limiting  ourselves  to  the  first 
order,  we  have J 

blackening  «  1  -  (l  -  s  iT+  ...,)  "  siT  «  const. 

Q 

Hence,  the  length  of  the  exposure  it 

where  i  is  the  brightness  of  the  image  on  the  plate.  It  depend!  on  the  bright- 
ness of  the  outside  illumination  I  and  on  the  optical  constants  of  the  phcto- 
objective  F  and  d,  sanely! 

i=*  AI-j* 

and  therefore? 

C-2 

exposure  =  7~  — -  Q     z 

(B  is  the  factor  of  proportionality) 

He'  ce  the  quantities  s,  d,  axH  F  are  known  but  the  brightness  of  the  outside 
illumination  I  is  determined  with  difficulty,  for  It  depends  on  the  position  of 
the  Sun  above  the  horizon,  on  the  weather,  on  the  transparency  of  the  air  and  on 
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numerous  other  causes.     Therefore  a  reries  of  instruments   (photometers,  actino- 
meters)  and  tables  aro  available  by  whioh  all  the  indicated  factors  may  be  corn- 
putef  and  the  order  of  the     x]  osure  determined  even  it  but  approximately.     Of 
these  instruments  let  us  mention  Winn1 s  aetinorceter,   In  which  the  brightness  I  is 
determined  b-r  the  time  of  blackening  of  th»  attached  positive  paper,  and  the 
ingenuously  c  nstructed  tables  by  Ultkevieh  and  Golubovsky  (USSR;  and  which 
appeared  in  several  editions   (the  so  called  "Mit^o!"  tables). 

Before  we  go  into  the  problem  of  the  development  of  the  latent  ima^e  we 
shall  explain  how  the  expressions  "correct  exposure*  and  "the  correct  or  normal 
negative"  are  to  be  understood*    Hi  may  give  the  following  p>  rely  practical 
definition?  a  normal  negative  —  in  the  sense  of  accuracy  of  ti-e  exposure  is 
one  which  yields  tc  positive  corresponding  accurately  to  the  form  of  the  photo- 
rraphed  o"  ject  in  the  sense  of  distribution  of  light  and  shadow*     Usually  three 
gradations  in  the  illumination  or  the  photographed  object   (or  panorama)   are 
dstingu' shed*  that  of  high  lights,  i.e,  the  most  illuminated  places j  t^at  of 
Shadow  —  the  least  illuminatea  rlaces,  an^  thet  of  hjalf-<bpne«~  the  middle- 
ground  between  the  first  two  gradations*     If  the  exposure  is  so  small  that  the 
sediment  of  silver  is  obtained  only  In  the  gradation  of  "high  lights"  and 
"half-tone",  details  in  the  gradation  of  "shadow11  are  absent,  or  t>ere  is  no 
sedlnent  of  silver  at  all*     Such  a  negative  is  then  called  a  under-exposed  and  a 
too  contrasted  negative*     On  the  contrary,  if  the  exposure  is  more  than  normal  it 
may  happen  that  the   gradation  of  "high  lights"  oreven  that  of  "half-tone*  may 
begin  already  to  solarize,   i.e.  to  beeo  .e  grey  instead  of  becoming  black  approach- 
ing  gradualy  the   .^radiation  of  "shadow"*    The  result  is  an  over-exposed  or  a  very 
flat  negative* 

All  these  circumstances  become  clearer  in  the  investigation  of  the  so 
called  pharaotoristie  curve  of  a  plate  of  a  given  sort*     This  curve  shows 
graphically  the  relation  between  the  blackening  and  the  length  of  exposure  for 
ft  given  soroe  of  light*     (se>  eh.  III,     14)* 

Having  obtained  the  drvelopment  of  the  latent  image  it  is  necessary  to 
render  it  visalbe  i.e.  to  develop  the  exrosed  plate*    The  essence  of  this  process 
is  that,  in  addition  to  the  minimum  sediment  of  silver  ooused  by  light  in  the 
latent  image,  a  new,  considerably  large  amount  of  silver  ii  added  either  from 
the  developer  or  from  the  reserve  of  AgBr  whioh  is  still  contained  in  the  layer 
around  the  latent  image   (a  chemical  reaction).     In  this  process  the  grains  of 
silver  In  the  latent  image  become  larger  and  visible  similarly  to  the  way  they 
increase  in  the  daguerreotype  because  of  the  sidiment  of  particles  of  mercury* 

The  best  restorer  of  metallic  silver  out  of  its  haloid  salt   is  hydrogen  at 
the  moment  of  its  isolation,  and  we  can  obtain  the  hydrogen  by  decomposing  water 
by  means  of  some  substance  whioh  bee  nes  greatly  oxidized  in  the  presence  of 


insolated  sliver  (according  to  the  latest  theories  the  insolated  silver  IB  a 
catalyst  hare)j  suoh  a  substance  la  called  tb«  radical  of  the  develop  T*    Thus 
the  reaction  proceeds  first  according  to  the  following  equation! 


-  HZ0  -  0  = 

(the  oxygen  IB  taVen  away  by  the  radical)  « 

AB  a  haloid  aoid  IB  formed,  it  is  necessary  to  neutralize   it,  otherwise  the 
reaction  may  stop  or  even  turn  baekwar^s*    Therefore,  it  is  necessary  to  introduce 
into  the  developer  some  alkaline  substance)  such  substances  are  caustic  potassium, 
caustic  sodivm,  armoniao,  soda  and  potash*    Finally,   if  the  d  veloper  is  prepared 
in  the  form  of  a  single  liquid  in  concentrated  form,  it  is  necessary  to  add  to  it 
what  serves  as  a  preservative  which  is  sodium  sulfate   (NagSOg  +  7  EL  0)j  its  role 
is  to  fix  upon  itself  the  oxygen  of  the  air  which  might  hare  oxidised  the  radical 
with  the  preservative  and  2)  the  solution  of  the  alkaline  substance,  and  then 
t^ey  are  mixed  in  a  definite  proportion  of  the  so  called  "direction  of  develop- 
ment "* 

There  are  numerous  alkaline  developers  on  the  -erket  for  sale*    This  is 
explained  by  the  fact,  as  the  bros,  Luralere  have  shown,  that  a  series  of 
organic,   so  called  "aromatic"  combinations   (derived  from  bensol  -  CgHg)  nay  be 
used  under  suitable  conditions  as  radicals  of  an  alkaline  Developer,  and  raost  of 
the  developers  are  distinguished  accordingly.     Of  those  mostly  used  at  present 
we  shall  name:  pyrogallol   (used  already  by  Talbot),  glyolne,  hydroquinone, 
aethol  and  rodionol, 

Besides  the  alkaline  developers  another  is  used*     It   is  the   iron  or,  as 
sometimes  called,  the  acid  developerj  the  radical  in  it  Is  the   oxalic  iron  oxide 
(FeCgO),  and  no  special  allcaline  substance  is  introduced  because  it  appears  in 
the  reaction  of  development*    This  developer  is  less  energetic  than  the  alkaline 
developers,  but  it  has  several  special  merits*  l)  It  is  always  fresh  and  is  of 
constant  composition  as  it  is  prepared  ^ust  before  the  developmentof  the 
solutions  which  are  preserved   (iron  sulphate  -  PeS04  and  ojtalio  potassium  oxide 
-  Kg  C2  0^),     2)  It  is  cheap  end  it  does  not  require  any  imports,  3)  its  action 
at  a  definite  temperature   (+16*C)  is  always  u   ifora  and  therefore  It  may  be 
uned  as  a  developer  for  hours  which  fact  is  important  in  astrophotography*     (it 
is  impossible  tw  very  difficult  to  wateh  over  thejdeveloptaent  of  celestial  photo- 
graphs by  the  human  eye)*     In  general,  the  iron  developer  may  be  recommended 
for  photographic  astronetry  and  even   "or  photographic  photometry  (It  is  free  of 
the  so  called  "Eborhardt  phencaenon")*     On  t'  e  contrary,  \*itR  t^ry  faint  objects 
are  evoked  on  the  negative  and  also  in  expeditions,  it  is  necessary  to  use  an 
energetic  and  very  concentrated  alkaline  developer  as  is  radinol,  for  instance. 


\ 
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The  operation  of  development  as  other  operations  with  photoplates   (fixation* 
sensitization,  the  change  of  plateholders  etc)  is  made  in  a  special  dark  roan 
and  in  a  n  n-aotinio  (red)  lif.ht.     In  the  oaae  of  orthoohromatie  or  panchromatic 
plates  a  special  illunination  is  used   (with  the  aid  of  light  filters)  or  it  if 
sometimes  necessary  to  work  in  complete  darkness*    The  development  of  a  normally 
exposed  plate  takes  usually  about  7-8  minutes,  but  in  oase  of  under  exposure 
or  over-exposure  it  is  necessary  to  direct  th     development  by  orange  in  the 
composition  of  the  developer  (alkaline),  or  aiding  to  it  drops  of  a  retarder  or 
of  an  aoeellerator*     As  a  retarder  potassium  bromide   (K-Br)  may  be  raed  the 
addition  of  which  retards  "he  development,  but  It  greatly  increases  the  con- 
trast of  the  negative  so  that  it  is  recommended  for  use  in  over-exposures;  very 
under-exposed  plates  and  negatives  are  very  difficult  to  correct  by  any 
•ubsequent  oporations.     If  it   is  possible  to  investigate  the  photographs  in  re- 
gard to  "heir  transparency  (in  red  light)  it  is  best  then  to  judge  of  the 
accuracy  of  the  exposure  by  the  details  of  the  "shadow*  gradation,  and  it  Is 
best  to  judge  of  -he  accuracy  of  the  development  by  the  density  of  the  "high 
light"  gradation. 

Having  developed  a  plate  it  is  now  necessary  to  fix  it   (before  exposing  it 
to  light)  i,e.  to  remove  from  the  layer  all  remaining  silver  bromide  which  was 
not  decomposed  either  by  light  or  by  the  develop^!  this  op  ration  is  carried  out 
in  a  solution  of  hyposulphite  (Ha^SgO^)  -which  transforms  the  silver  haloid  Into 
a  soluble  c  npound*     Fixation  lasts  for  about  15-20  minutes  until  the  plate  be- 
comes entirely  transparent!  tien  the  plate  Is  washed  in  running  water  5n  order  to 
renove  from  the  ^elat \ne  any  traces  cf  hyposulphite  and  oth^r  salts*     Astronomic- 
negatives  which  are  to  be  preser  ed  for  many  decades  should  be  carefully  and 
thoroughly  washed   (for  many  hours)  and  it  is  also  reooncaended  to  subject  the 
plates  to  aluninetion,  i«e»  to  treat  them  with  a  saturated  solution  of  potassium 
alum  (KgS04,  Alg  (S04)»  +  24  HgO)  for  1-2  minutes  in  order  to  harden  the  gelatine 
layer  and  to  roake   it   last  longer* 

Further  np  /rations  on  negatives  when  they  are  still  unsatisfactory  consist 
in  weakening  or  strengthening  them*    The  essence  of  the  first  operation  consists 
in  the  substitution  of  the  silver  Pediment  tracing  the  image  on  the  negative  by 
a  more  opaque  cherdcal  oonbinat'on*     The  most  frequent  nethod  of  strengthening 
used  in  the  application     f  ra  rourio  bichloride   (HgClg)  or  of  uranium  salts*    The 
weakening  of  the  negative  i.e.  the  removal  of  parti  or  the  silver  sediment  is 
made  by  means  of  a  solution  of  the  salt  Fegkg  (CM)j.2  *n  hyposulphite  which  trans- 
fers tho  metallic  silver  into  a  soluble  combination*     After  all  these  operations 
the  negatives  should  be  well  dried  without  any  access  of  dust  and  be  preserved  in 
a  dry  place     n  order  to  avoid  any  development  of  bacteria  on  tho  gelatine*  for 
that  would  be  disastrous  for  astrone  atlves. 

Because  of  lack  of  space  we  cannot  enter  here  into  a  more  detailed  des- 
cription of  various  photographic  operations  or  precepts  for  which  we  refer  th» 
readers  to  numerous  special  handbooks,    Ws  do  not  attempt  to  describe  here  the 
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positive  process  i.e.  on  the  printing  of  negatives  (in  the  original  or  enlarge- 
ment) on  diapositive  plates  or  on  various  kinds  of  paper  sensitive  to  lirht. 
For  this  process  as  ,vell  as  the  photo-mechanical  processes  serve  chiefly  for  the 
illustration  of  scientific  and  other  publications  and  for  the  production  of  any 
amount  of  copies  of  an  original  photograph,  As  material  for  scientific  research 
original  negatives  should  be  used  where  ever  possible,  and  for  accurate  measure- 
ments (in  astroraetrio  and  photometric  supplement*)  the  use  of  original  negatives 
is  indispensable. 


c 


Fig.  8. 
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Chapter  I. 

Foundations  of  Photographic  Astroroetry* 
by  S,  K,  Kostinsjgy 

1.  Determination  of  Coordinates  of 
Celestial  Objects* 

§1*  Astrophotographio  Observations*  Astrophotography  —•  a  method 
consisting  in  the  substitution  for  the  human  eye  (aided  as  well  as  unaided) 
of  the  "photographic  eye"  —  ia  eqvally  applicable  In  astroraetry*  where  the 
diercotion  of  the  rays  of  li  ;ht  is  studied,  as  well  as  in  astrophysics  where 
the  composit'on  o^  v>e  rays  is  investigated*  Here  we  shall  treat  only  the 
application  of  photography  to  purely  astrometrio  observations  the  purpose  of 
which  is  the  accurate  determination  of  positions  of  celestial  objects  and  the 
changes  of  these  position*  under  the  nfluenoe  of  parallaxes*  proper  motions* 
etc* 

The  instrument  for  astrophotographio  observations  is  the  combination  of 
the  phftocamera  with  the  visual  astronomical  telescope  mounted  parallactioally, 
or  the  so  called  astrograph  (photographic  refractor)*  Depending  on  ^he  problem 
at  hand  the  structure  of  astro™raphii  may  vary,  but  essentially  it  is  determined 
by  'he  type  and  optical  constants  of  the  photo-objective  with  which  the 
astrograph  is  equipped,  Ws  have  previously  said  that  from  this  point  of  view  • 
the  astrographs  are  divided  into  two  groups*  those  of  long  focus  (of  low  light 
gathering  ower)  and  those  of  short  focus  (of  high  light  gathering  power)*  A« 
an  example  of  the  first  group  in  -he  USSR  the  large  astrograph  of  the  Moscow 
Observatory  (d  *  38cm,  F  about  6ni)  and  the  two  normal  astrographs  in  Pulkovo 
and  Tashkent  (d  *  33  cm,  F  "  3,4m)  mey  be  Mentioned}  of  the  sec  nd  group  the 
Brediohin  Astrograph  at  Pulkovo  (d  «  17  cm,  F  »  80  cm)  and  the  equatorial  camera 
in  Moscow  (d  "  11  en,  F  "  64)  are  examples;  besides,  there  are  a  few  astrographs 
of  short  focus  in  Pulkovo,  Simeis,  Kazan,  Kharkov  etc, 

Next  we  shall  apeak  of  the  expreienoe  obtained  in  the  work  w:th  the 
Pulkovo  normal  astrograph  which  is  the  more  typical  and  the  more  universal 
instr      for  strom^tric  work  (Fig,  10),  but  we  shall  first  say  a  few  words 
about  t<  a  selection  of  different  types  of  astrographs  for  various  purposes* 

a)  For  p  otographs  of  faint,  elongated  objects  (faint  nebulae,  comets, 
faint  nlnor  planets  etc)  it  is  better  to  use  astrographs  of  short  focus  having 

lox,  wi -e-angled  objectives  of  average  sice  (for  i  stance,  d  •  15  on,  F  « 
60  en)  or  reflectors,  wherever  a  small  field  of  view  is  sufficient  for  the 
purpose,  for  photo  -raphs  of  the  Milky  Way,  zodiacal  light,  '"or  survey  (Dur- 
chmusterung),  of  variable  stars,  etc  special  objectives  of  very  short  focus  (Ft 
2,  f 5  3)  and  even  simple  lenses  are  used. 
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b)  F^r  stars  It  Is  not  necessary  to  haTB  a  very  large  aperture  as  compared 
with  the  fooal  distance;  'via  best  focal  ratio  is  about  f  *10  (for  instance,  d 
from  30  to  40om,  F  fron  3  to  4m) |  for  brighter  stars  it  is  necessary  to  decrease 
t  e  aperture  to  15  -  20omj  on  the  contrary,  for  photographs  of  close  double 
stars,  and  Iso  for  the  determination  of  stellar  parallaxes  it  is  necessary  to  use 
astrographs  of  longer  focus* 

o)  F  r  detailed  photographs  of  bright  surfaces  (Sun,  Moon,  major  planets) 
astrographs  of  very  long  focus  and  of  small  aperture  should  be  used  for  a 
magnifying  system  (a  phot ©heliograph,  for  instance)  raay  be  used  instead* 

The  Pulkovo  aatrograph  of  long  focus  is  called  "normal11  eoause  by  its 
o  tioal  constants  and  by  sons  of  its  other  detailed  it  belongs  to  that  type  of 
astrographs  -which  was  developed  in  ;  he  eighties  of  the  last  century  for  the 
international  undertaking  in  photographing  the  entire  sty.  It  consists  of  a 
single  metallic  tube  of  oval  cross-section,  but  separate  inside  the  tube  along 
its  length  by  a  opaque  rartitionj  on  the  upper  end  of  the  tube  are  fastened  two 
objectives  of  two  lenses  each?  one  is  a  photographic  objective  of  33cm 
arerture  and  of  a  fooal  distance  of  3»46m,  the  other  is  a  visual  objective 
(d  »  25cm,  F  *  3.6m)j  on  the  lower  end  are  the  movable  part  on  which  a  •  etallio 
plate  holder  is  mounted  and  the  eye  piece  for  the  visual  tube  which  may  be  moved 
in  declination  and  in  hour  angle  by  miorometrio  screws  to  about  SO*  on  either 
side  of  the  optical  axis*  this  contrivance  is  called  the  "photographic  micrometers' 
and  ;t  serves  for  setting  on  the  so  called  "guide"  star  if  it  is  located  off  of  ' 
the  optical  axis*  Inside  the  photographic  tube,  in  front  of  the  plate  holder*  a 
shutter  is  placed  which  opens  and  closes  by  means  of  a  pot-rack  and  pinion  mounted 
outside*  During  observations  a  low  powered  eye  piece  (magnifies  40  times,  field 
of  view  30')  is  used  for  the  search  of  the  guide  star,  and  a  high  power  eye  pieoe 
which  magnifies  about  380  times  is  used  for  "guiding"  on  the  star, 

The  p  rallaotic  -ionnting  of  the  Pulkove  astrograph.  as  nay  be  seen  from 
Fig*  10,  is  between  f •  at  of  the  German  and  that  of  the  English  systems,  as  here 
the  upper  part  tff  the  column  is  parallel  to  the  Earth's  axis,  which  fact  is  of 
great  convenience  for  long  exposures;  tv.v  clock  mechanism  moving  the  tube  it 
usually  of  "Repsold"  construction  with  a  conic  pendulum  which  raakes  it  possible 
to  regulate  its  motion  by  means  of  weights  at  the  end  of  the  pendulum  (in 
latest  constructions,  as  for  instance  in  the  Pulkovo  zone  aaj  ro  -raph,  for  the 
regulation  of  the  clock  mechanism  is  done  by  an  electric  contrivance  with  -he  aid 
of  second  signals  from  the  normal  clock  of  the  observatory)!  this  part  of  the 
oo  -;  strict  ion  of  astrographs  is  slways  subject  to  attentive,  vigorous  sorutinyJ 
the  cogged  wheel  of  the  clock  nee  anism  and  the  worn  transmission  mast  be  entirely 
free  of  periodic  errors  nd  well  fitted  to  e  oh  other,  otherwise  it  will  show 
upon  the  image  of  a  star  on  the  plate  in  that  it  will  appear  systematically 
elongated* 

Vhc  photoi^raphio  objective  of  the  astrogrpah  after  being  tested  by  Hartmann's 
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method  appeared  to  be  perfect   in  absence  of  spherical  aberration  and  of 
astigmatism,  but  it  is  achromatic  only  in  part,  nanelyj  chiefly  in  the  focus 
t  e  rays  of  wavelengths  of  397  W-  and  434  \ni  are  concentrated  a  square  plat* 
of  16x16  om  is  used  on  which  the  free  field  is  13x13  en.;  this  gives  a  field 
of  vision  for  the  astrograph  of  2*  10*  x  2*  10*,  as  for  all  aetrographs  of 
nornul  type  the  angular  soale  is  nearly  equal  to  1*  per  Inn;  the  field  of 
view  which  is  utilized  for  accurate  observation*  is,  do  to  be  sure,  somewhat 
•mailer  (from  two  to  three  square  degrees)* 

Before  th     sky  is  photographed  "by  the  astrogrftph  it  is  necessary  to 
check  the  Mounting  of  the  aabrogrotph,  to  verify  the  motion  of  th*  clock 
mechanism,    i   1  to  determine  the  position  of  the  main  focus  of  the  photo- 
graphic objective  as  well  as  of  the  center  of  the  plate*    The  cheeking  of 
the  mounting  and  the  determination  of  the  remaining  error  (l**»  the  non 
parallism  of  the  polar  axis  of  th*  instrument  with  the  axi*  of  th*  earth) 
is  done,  usually     or  refractors,  by  means  of  visual  observations  of  star* 
near  the  meridian  and  of  stars  near  the  pol*  at  elongation]  thl*  may  be 
done  also  by  photographic  traces  of  similarly  selected  star*  on  th*  same 
plat*;  the  motion  of  the  clock  mechanism  is  verified  before  th*  beginning 
of  the  observations  by  some  equatorial  star*     Th*  position  of  the  main 
focus  and  its  dependence  on  the  temperature  is  investigated  speoially  by 
mean*  of  extra  focal  photograph*;  also  by  Teans  of  a  special  investigation 
is  determined  the  position  of  the  optical  center,  i.e.  of  the  base  of  th* 
perpendicular  dropp**}  upon  the  plane  of  i^e  from  the  rear  Gauss  point, 

the  main  poiut  on  the  objective   (K»  Olsaon's  method  —  by  neans  of  ft  very 
small  diaphragm,  placed  in  front  of  the   center  of  the  objective,  and  of  ft 
mirror  plate  in  which  the  pupil  of  the  observer's  ey*  is  reflected)]  to  be 
sure,  the  optical  axes  of  the  visual  and  of  the  photographic  tubes  should 
be  parallel  to  each  other  and  the  frame  is  so  regulated  th*t  the  optical 
center  is  nearly  coincident  with  the  geometric  center  of  th*  plate* 

Beside*,  in  observations  by  astrographs  it  is  neoes*ary  to  know  th*lr 
so  called  "penetrative"  po.rer^  by  this  we  maen  th*  relation  between  the 
length  of  the  exposure  and  the  magnitude  of  the  faintest  star  w"  ich  may 
appear  on  a  negative;  evidently,  this  relation  depends  upon  the  optical 
constants  of  tho  objective,  also  upon  the  atmospheric  condition*   (trans- 
parency) upon  the  sensitivity  of  the  plate*  used,  and  upon  the  sel  oted 
photometric  ays  en  of   stellar  magnitudes;  by  photogrftphl*  well  known 
standard  regions  of  th*  sky  of  stars  of  varlou*  brightness  photometrically 
well  determined,  it  is  possible  to  derive  an  empirical  formula  for  each 
instrument  unler  ordinary  conditions*    As  an  example  and  a*  a  meant  of 
cowparison  we  give  the  following  two  formulae  for  two  Pulkovo  astrograph*, 
one  of  the  norml  type,  the  other  of  the  Brediohin  short  foou*  typ*J 

Normal  astrograph  of  long  focus: 


Brodiohin  astrograph  of  short  focus  X 


T*  is  the  length  of  exposure  in  seconds,  m  is  the  magnitude  of  the 
Conner  IXirohmusterung  system)  on  the  plate* 


It  folloire  from  ft  conparison  of  these  formulae}  l)  that  the  normal 
astrofjraph  gets  stars  of  the  lOthe  magnitude  about  three  times  as  fast  as 
the  Brediohln  astrogr«phj  this  corresponds  to  the  theory,  as  the  area  of 
the  objective  of  the  former  is  about  three  times  as  large  as  that  of  the 
latter*  and  E)  that  the  nrmal  astrograph,  as  the  exposure  increases  2*5 
times ,  gains  only  0*8  of  stellar  magnitude  while  the  Brediohin  astrograph 
gains  more,  which  fact  may  be  explained  by  ft  better  aohromatisation  of  the 
letter's  objective  (Petsvnl's  system)  and  by  other  causes  (difference  in 
focal  length  absorption  of  light  in  objective  etc)  which  are  difficult  te 
compute  theoretically* 

The  process  of  photographing  by  an  astrograph  consists,  in  general,  in 
the  following  procedure J  having  checked  the  accurate  performance  of  the 
instrument  and  having  established  the  photographic  focus  (as  a  function  ef 
the  temperature),  a  filled  plate  holder  is  put  on  and  the  place  in  the  sky 
of  the  guide  star  is  looked  for  by  means  of  divided  circles  (as  usually  it 
done  on  refractors)*  Setting  the  oloek  mechanism  in  motion,  the  guide  star 
is  set  on  the  cross  hairs  In  the  eye  piece  of  the  guiding  tube  and  them  the 
shutters  are  opened,  first  those  of  the  plate  holder  and  next  those  in  the 
tube  noticing  mean  while  the  time  of  the  beginning  of  the  exposure  by  the 
ehronom  ter  or  oloek*  Beginning  with  this  moment  the  astronomer  must  "hold* 
the  guide  star  on  the  cross  hairs  during  the  entire  exposure,  and  if  the 
star  gets  off  the  cross  hairs  for  any  reason  it  is  neoevsary  to  return  It 
back  by  using  the  slow  motion  of  the  Instrument  in  the  two  coordinates*  In 
photographing  by  Instruments  of  long  focus  the  so  called  Rltehey  plate  holder 
is  used  which  is  connected  with  the  eye  piece  and  which  is  movable  by  mire- 
meter  screws  independently  of  the  entire  instrument*  The  purpose  of  such 
"holding"  or  "guiding"  is  that  the  Images  of  the  stars  on  the  plate  shell 
always  remain  on  the  same  places  during  the  entire  exposure}  otherwise  the 
stars  will  appear  on  the  negative  not  round  but  elongated  in  one  or  the  other 
direction  which  fact  would  render  the  measurements  of  the  plate  difficult 
and  lead  to  systematic  errors*  The  chief  possible  causes  for  the  elongation 
of  images  are  as  follows!  1)  residual  errors  in  the  motion  of  the  clock 
mechanism,  2)  a  residual  error  in  the  mounting  of  the  astrograph,  i.e*  the 
non  coincidence  of  the  pole  of  the  instrument  with  the  pole  of  the  sky,  and 
2)  the  influence  of  differential  refraction.  The  first  cause  which  is  easily 
removable  (together  with  the  error  of  "guiding")  acts  in  the  meridian  as  well 
as  off  it  whereas,  the  other  two  cause*  show  their  influence  most  at  large 
hour  angles  which  increase  as  the  exposure  increases  and  as  the  senith  distance 
of  the  photograph  increases}  they  cannot  be  removed  by  "guiding*  because*  there 
by  the  stars  on  the  plate  describe  aros  of  a  circle  whose  center  is  the  guide 
star*  Hence  the  so  called  "hour  ancle  errors"  (according  to  Kapteyn)  appear 
in  accurate  measurements  of  such  plates* 

In  conclusion  let  us  s  y  a  few  words  about  the  influence  of  atmospheric 
conditions  >•..  on  the  astrocraphio  observations}  the  wind  has  a  harmful  influence 
(especially  on  the  instruments  of  large  else  or  on  those  which  are  unstable) 
causing  the  elongation  of  image*  and  even  creating  sometimes  unreal  satellites 
for  bright  stars}  on  the  other  hand,  the  influence  of  bad  "conditions  of "imagef* 
(washed  out,  unstable  images)  show  itself  less  on  photographic  plates  than  on 
visual  observations  as  it  mostly  widens  the  round  images  of  stars  on  the 
negatives. 
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2.  Ota  Measurements  of  Astrofiroms  (Rtotographio  Plate  a),,  In  order  te 
measure  the  relative  position  of  stars  and  other  objects  on  astrographlo 
plates  (astrograms)  various  method*  are  employed,  lepending  on  the  problem 
and  on  the  required  accuracy  beginning  with  the  application  of  a  simple 
srfllimetrlo  ruler  (or  net)  and  ending  with  very  complex  measuring  Instruments* 
Afc  present  there  are  numerous  type*  of  measuring  devices  for  astrograms,  but 
the  bases  of  all  of  them  are  the  aooi  rately  subdivided  scale  and  the  micro- 
jaetrlo  screws  (sometimes  only  on*  long  screw)*  We  shall  describe  here  only 
two  type*  of  instruments  which  are  used  meet  In  the  researches  of  stellar 
astronomy* 

a)  The  Universal  Measuring  Apparatus  of  the  System  Devised  by  D«  Gill 
and  yan*de«»Saii<          i  CFi^ure  jj.;* mis  instrument  which  was  proposed 
In  1892  for  *~hV  j»'a"suren»r*s  of  photographs  of  the  international  photographic 
catalogue  of  the  sty  was  constructed  in  large  numbers  by  I*  Repsold*  It 
consists  of  a  round  metallic  base  which  may  be  placed  obliquely  if  necessary 
for  the  convenience  of  measurenent j  to  the  base,  on  a  separate  are*  are  fast* 
ened  three  miorosoo  es  with  micrometers  (and  a  magnifying  glass  on  the  side) 
of  which  the  middle  micrometer  can  move  upon  a  steel  rail  parallel  to  an 
accurately  subdivided  milimetrlo  scale.  By  means  of  a  special  level  this 
ad  or o scope  may  rotate  en  the  plane f  perpendicular  to  the  subdivided  scale , 
and  facing  in  turn  the  scale  and  the  plate  measured j  the  latter  is  set  inte  a 
speoial  found  frane  (with  a  square  opening)  which  moves  by  means  of  a  rack  on 
the  leading  cylinder,  perpendicularly  tc  the  rail  with  the  novcable  nicrosoope 
and,  hence,  also  to  the  subdivided  scale*  The  moveable  frai*  is  equipped  with 
a  subdivided  circle  (10* )  and  by  means  of  two  immovable  microscopes  the 
position  angle  may  be  calculated  within  the  accuracy  of  1*J  besides,  the 
position  -f  this  franc  on  the  leading  cylinder  may  be  noted  through  the 
magnifyinc  glass  on  the  side  scale  Within  the  accuracy  of  l.lnm.  The  movable 
microscope  magnifies  usually  about  12-15  times  (a  larger  magnification  of  EB» 
30  times  is  seldom  used)  and  one  rotation  of  the  screw  is  about  0.5mm}  the 
least  reading  given  en  the  recording  drum  is  within  0.001  part  of  a  rotation* 

Each  measuring  device  should  be  investigated  in  detail  in  regard  to 
relative  miohanioal  errors  of  its  construction*  Fcr  the  type  ef  instrument 
under  consideration  the  following  possible  errors  may  be  mentioned  f  1)  errors 
in  the  subdivision  of  the  main  scale,  2)  curvature  of  the  leading  cylinder, 
3)  periodic  and  procressive  errors  of  nlerometrio  serews,  and  4)  errors  of 
projection,  i.e.  the  plane  of  rotation  of  the  Klorosoope  is  not  quite  parallel 
In  various  places  in  its  motion  on  the  r&il*  It  is  necessary  to  note  that 
•these  errors  In  the  Repsold  instruments  are  very  slight,  and  tables  are  easily 
made  for  an  individual  instrument  to  correct  the  measurements  for  all  technical 
errors  (see  F*  Hens  and  S«  Kostinslsy*  "Untereuohungen  des  Repsold '  sohen 
Hsseapparates  fur  photo^raphisohe  Stomaafnahmen",  Publications  of  the 
Academy  of  Sciences,  1896,  Russia)* 

Beside*  the  technical  errors  of  the  instruments  It  is  alee  necessary  In 
the  measurement  of  plates  to  take  into  consideration  accidental  as  well  as 
systematic  errors  of  the  setting  of  the  cross  hairs  of  the  micrometer  on  the 
images  of  stars j  the  former,  the  accidental  errors,  are  not  dangerous  as  they 


be  considerably  wsakened  by  increasing  tha  number  of  measurements  (or  the 
number  of  plates  for  the  same  part  of  the  sty)  I  however*  there  is  a  systematic 
personal  error  of  measurement  consisting  in  the  inaoourate  estimation  of  the 
>osition  of  the  center  of  the  image  of  the  star}  this  error  is  an  increasing 
function  of  the  diameter  of  the  linage,  and  it  is  partly  overcome  by  turning 
the  plate  by  180*  or  by  turning  the  image  by  neons  of  a  reversing  prism  and  ta 
taking  the  mean  of  the  noasurements  in  the  two  opposite  positions.  Next,  a 
systematic  error  may  depend  on  the  incorrect  form  of  the  image  distorted  by 
causes  indicated  above  or  because  the  image  is  too  close  to  the  dece  of  the 
plate |  these  errors  nay  be  overcome  by  the  increase  of  the  number  of  plates 
and  by  varying  the  conditions  of  their  exposure*  Finally,  let  us  mention  the 
posibility  of  deformation  or  the  so  called  "distortion"  of  the  gelatine  layer 
depending  on  the  chemical  development  of  the  plate*  Fortunately,  numerous 
investigations  showed  that  the  distortion  of  the  layer  is,  in  general,  very 
smell  and  is  of  accidental  character,  except  the  edges  of  the  plate  vfeere  no 
measurements  are  made  and  where  the  di  tortlon  may  be  large*  Cases  of  a 
purely  mechanical  injury  to  the  layer  (such  as  scratches  etc)  are  rare,  but 
when  they  occur  they  may  entirely  spoil  the  plate* 

With  the  Bepsold  instrument  described  here  it  is  possible  to  make 
measurements  in  rectangular  as  well  as  polar  coordinates  of  images  of  stars 
and  of  other  objects  obtained  on  the  plate*  Usually,  the  rectangular  co- 
ordinates are  measured,  and  the  optical  center  of  the  plate  is  taken  as  the 
origin  of  the  coordinates*  The  plate  itself  is  so  placed  on  the  instrument 
that  the  projection  of  the  celestial  meridian  on  the  plate  is  nearly  parallel 
to  the  motion  of  the  leading  cylinder  (X  axis  and  it  is  therefore  nearly 
perpendicular  to  the  main  scale  X  axis)*  This  orientation  is  made  by  means 
of  two  stars  whose  positions  (equatorial  coordinates)  are  known*  In  practice 
the  measurements  consist  in  the  alternate  setting  of  the  m'orometer  cross* 
hairs  of  the  moving  nioro scope  on  the  image  of  the  star  on  the  plate  and  on 
the  nearest  line  of  the  mala  subdivided  scale  as  if  projecting  the  image  of 
all  stars  on  t  e  scale*  Having  obtained  for  each  star  (or  some  other  object) 
the  corresponding  reading  on  the  scale  (corrected  for  all  errors)  and  com- 
paring it  with  the  computations  with  respect  to  the  optical  center  we  shall 
obtain  the  vtiue  of  the  X  coordinate  (usually  within  0*0001mm)*  In  order  te 
obtain  y  the  movable  frame  with  the  plate  is  turned  90*  by  means  of  the 
position  circle,  and  then  a  similar  measurement  is  made  afeain*  An  approximate 
computation  with  respect  to  the  optical  center  is  obtained  from  the  computa- 
tions with  respect  to  the  leading  star  whose  position  with  respect  te  the 
optical  center  is  determined  on  the  astrograph  by  means  of  a  phetegraphio 
micrometer* 

2.  I 

Besides  the  universal  described  device,  Repsold  constructed  a  somewhat 
simpler  instrument  specially  bu  It  for  quick  measurements  of  photographs  for 
the  photographic  catalogue  of  the  sky*  The  accuracy  subdivided  scale  is 
absent  in  it,  and  the  frame  with  the  plate  moves  by  mutually  perpendicular 
guide  cylinders;  the  microscope  is  immovable  and  is  equipped  with  a  double 
micrometer  by  means  of  which  measurements  are  made  simultaneously  in  both 
coordinates*  For  this  instrument  is  is  necessary  to  print  the  so  ealle4 
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Gothler  grid  on  each  plate.  This  grid  consists  of  fin*  lines  spaced  every  5 
mm*  The  measurements  of  the  stars  are  mad*  relative  to  these  lines,  whose  p 
positions  (the  errors  of  the  division*  of  the  master  net)  are  regarded  as 
known*  This  apparatus  produces  quicker,  but  not  as  dependable  results,  due 
to  the  errors  of  copying  the  grid,  the  super  imposition  of  lines  over  the 
images  of  stars,  etc, 

b)  The  Zeiss  Stereoeomparator  -  (Fig.  18)*  The  Pap sold  apparatus  and 
other  contrivances  similar  in  type,  produce  the  absolute  values  of  the  rec- 
tangular coordinates  of  the  stars,  and  these  are  later  transformed  into  the 
equatorial  coordinates  by  means  of  computations*  However,  when  it  is 
necessary  to  find  only  the  differential  variations  of  one  or  other  kinds  of 
coordinates,  (which  may  depend  on  the  parallax,  proper  motions  of  stars,  or 
other  causes),  it  is  much  quieker  and  more  accurate  to  measure  these  differ* 
ential  variations  directly,  by  -roans  of  a  comparison  of  two  plates,  and  to 
limit  the  determinations  of  positions  of  the  object  to  the  approximate  measur- 
measurements* 

For  this  particular  operation,  C,  Pulfrioh  of  the  Zeiss  organization,  has 
designed  the  apparatus,  known  as  the  steroooomparator,  or  simply,  comparator* 

The  Zeiss  comparator  consists  of  a  substantial  metal  stand,  equipped 
with  an  oblong  vertical  frame,  which  can  be  moved  by  means  of  special 
controls  in  horizontal  and  vertical  planes*  The  frame  runs  on  rails*  The 
displacements  of  the. frame  can  be  measured  on  suitable  scales  divided  to 
O.OEraa*  The  frame  has  two  openings  illuminated  from  the  rear  by  means  of 
mirrors,  and  both  openings  are  fitted  with  special  holders  for  the  negatives, 
which  are  being  compared* 

The  plate  holder  on  left  can  be  moved  roughly  in  both  coordinates  and 
can  also  be  rotated  in  the  vertical  plane  by  means  of  a  miorometrio  adjust- 
ment* 

The  plate  holder  on  right,  conversely,  has  rough  adjustment  for  rotation, 
which  is  read  on  a  graduated  limb,  and  fine  adjustments  in  the  directions  of 
the  coordinates,  which  are  read  by  means  of  micrometers  and  magnifiers,  to 
0*01  mm, 

The  apparatus  is  equipped  with  one  of  the  following  optical  divlcest 
either  l)  the  Helmhols  "Stereomio  osoope,  wit  an  enlarged  distance  between 
the  orulars,  or  2)  the  "bllnbnicro scope"  (see  Fig*  12), 

The  object  of  these  optical  'evioes  is  to  superimpose  the  images  of  two 
plates,  produced  by  two  oculars  of  the  stereomicrosoope,  or  to  make  them 
appear  simultaneously  in  the  single  ocular  of  the  blinkmicrosoope.  This  is 
achieved  by  an  arrangenent  of  several  prisms  «f  *•*•»  reflection  and  of  the 
objectives  which  enlarge  the  im.ges  6-8  times j  in  addition  to  this,  the  blink- 
microscopic  has  also  a  revolving  screen,  which  allows  to  view  the  two  images 
alternately  (the  "blinking")*  a  special  mechanical  arragngeroent  allows  to 
perform  this  "blinking"  very  rapidly. 


The  pair  of  plates  in  the  comparator  are  oriented  In  sudh  a  way*  that  * 
sterosoopio  image  is  formed  in  the  stereomiorosoope j  then,  if  during  the  in- 
terim between  the  two  exposures  all  object a  on  the  plate*  retained  their  po- 
sitions, then  all  the  images  iri.ll  appear  to  be  on  the  same  plane*  On  the  con- 
trary, any  star  (or  other  object)  which  has  changed  its  position  will  appear 
suspended  either  in  front  or  behind  the  general  stereoscopic  plane,  and  this 
advance  (or  reoision)  will  be  proportional  to  the  actual  displacement  of  the 
images  on  two  plates  in  direction  parallel  to  the  stereoscopic  base. 

An  acourate  laensur  nent  of  this  displacement,  known  as  the  "stereoscopic 
parallax",  is  done  by  means  of  movement  of  the  right  plate,  rslativ*  to  the 
left,  or  by  raeana  of  a  special  micrometer  screw,  attached  tc  the  right  ocular 
of  the  storeoraioroscipe. 


In  the  ease  of  the  blink  microsoore  the  plates  are  so  oriented  that  during 
the  rapid  blinking  all  stars  appear  stationary  (the  images  of  both  plates  coin- 
side  exactly)  the  effect  of  a  shift  of  any  of  them  will  be  expressed  by  its 
swift  jumping  in  the  direction  of  its  true  motion  on  the  sky*  In  order  to 
measure  accurately  such  a  shift  a  filter  micrometer  with  a  position  circle  and 
two  mioromevric  screws  are  a'-taohed  to  the  blink  microscope. 

The  described  instrument  is  of  important  application  in  the  direction  of 
noticeable  proper  otions  of  stars,  variable  stars  eto|  measurements  mad*  with 
it  are  of  great  accuracy {  for  instance,  according  to  invest igations  in  Pulkovo, 
the  annual  proper  motion  of  a  star  in  an  interval  of  10-12  years  between  the 
photographs  is  determined  with  an  accuracy  of  +  On.004  to  +  0*«006»  However, 
it  needs  be  said  that  this  instrument  on  account  of  its  large  sice  is  mere 
subject  to  influences  of  temperature  than  the  Repsold  measuring  apparatus |  this 
fact  diminishes  somewhat  its  merits, 

§  3»  On  the  Reduction,  of  Astrophotographie  Measurements.  W»  shall  deal  In 
this  section  with  the  nost  widespread  methods  of  reduc-  ion  of  the  measurements 
on  the  plates  from  rectangular  coordinates  into  equatorial  i«e«  inte  right 
ascension,  a,  and  declination,  8.  As  the  astrograms  represent  a  central  pro- 
jection of  a  part  of  the  celestial  sphere  upon  the  plan*  of  the  plate  and  as 
the  oe  ter  of  a  projection  is  the  rear  main  point  of  the  objective,  then,  des- 
cribing from  this  point  a  sphere  of  radius  equal  to  the  main  focal  dlstanoe  of 
the  astrograph,  we  may  imagine  the  plane  of  the  plate  as  tangent  plane  to  the 
celestial  sphere  and  the  point  of  tangeney  coincide s  with  the  optical  center 
of  the  plate*  Prom  the  theory  of  the  central  projection  it  is  known,  as  may 
be  easily  seen  geometrically,  that  the  ce lest rial  meridians  (and,  in  general, 
the  tfreat  circles  of  a  sphere)  are  projected  on  the  plane  of  t!  e  plate  by  a 
pencil  of  straight  li  s  eoverging  in  the  projection  of  the  ce lest rial  pole 
on  the  sane  plane*  The  oelestrial  parallels  (small  circles)  are  projected  on 
the  sane  plans  by  a  pencil  of  oonie  sections,  i,e.  in  the  general  ease,  by  a 
hyperbold  (closer  to  the  equator)  and  by  an  ellipse  (closer  to  the  pole)* 
(This  projection  is  identical  with  the  so  called  *Lorenzoni*s  net  or  pro- 
jection" or  "zenith  projection1*  which  is  used  for  the  tracing  of  moteors). 

He  have  previously  said  that  the  rectangular  coordinates  x  and  y  of  a 
star  measured  on  the  plate  are  usually  related  to  the  axes  directed  along  the 
projection  of  the  celestial  meridian  and  perpendicular  to  it,  and  to  the 
origin  of  coordinates  nearly  coinciding  with  the  optical  cent  r  of  the  plate. 
These  coordinates  x  and  y  are  apparent,  i*e«  influenced  by  differential 
refraction,  aberration  eto«  and  they  are  expressed  in  linear  measure  (in 
millimeters).  Let  us  now  assume  that  we  had  corrected  the  measured  coordinates 
for  the  indicated  effects,  and  then  turn  axis  y  through  an  angle   so  that  it 
will  exactly  pass  through  the  projection  of  the  celestial  pole  en  the  plate 
(the  visible  or  mean  position  of  the  pole  for  some  epoch),  next  transferred 
the  rigin  of  coordinates 


) 


Into  J  he  optical  center,  and,  finally,  transformed  the  coordinates  x  and  y  Into 
an  angular  (or  arc)  measure  by  the  known  scale  S;  then  we  ray  writ*  the  following 
equation* 

X  =  =  S 

Y  =- 


The  transformed  coordinates  X  and  T  which  are  referred  exactly  to  the 
celestial  axes  are  culled  '  'ideal*  or  fundamental   (alao  standard^  coordinates, 
and  they  are  evidently,  functions  of  the  equatorial  coordinates  of  a  £iv*n  siar 
and  of  the  projection  u  m  the  celestial  sphere  of  the  optical  oenter  of  the  plat* 
Let  us  note  that  the  scale  8  is  connected  with  the  uain  focal  length  F  of  the 
astrograph  by  the  formula 


__ 

'-  F-sinl" 

where  F  is  expressed  in  milltaetert  and  S"  is  the  number  of  angular  seconds  in 
Iraraj  besides,  it  is  necessary  to  keep  in  mind  that  the  influence  of  precession 
and  nutation,  which  does  not  change  the  mutual  position*  of  the  stars,  ia  taken. 
into  consideration  by  the  previously  p;iven  linear  transformation  of  coordinates, 

Let  us  now  'erive  the  formulae,  connecting  the  ideal  coordinates  X  and  T 
with  the  equatorial  ones  a  and  8  for  a  star,  and  A  and  0  for  the  optical  oenter 
of  the  pl^te*    Let  plate  AB  (Fig*  13)  be  tangent  to  the  celestial  sphere  at  point 
0*    (optical  oenter)  and  let  0  be  the  oenter  of  projection,  i.e,  the  center  of  the 
celestial  sphere  the  radius  of  which  00'  «  F  we  take  as  unity*    We  project  stars 
S,  which  is  on  the  sphere   (in  "rent  of  the  drawing),  from  the  oenter  of  the  sphere 
on  the  pi  ite  at  point  S*  and  let  us  draw  the  celestial  meridian  PO1    (circle  of 
declination)  throuf,h  pole  P  and  the  optical  center  0*  j  the  projection  of  thif 
meridian  on  'he  plate  O'T  will  be  our  ordlnate  axis,  and,  if  we  draw  S'Q* 
perpendicular  of  0»Y,  bhen 

S'Q'—X     and      0'4'=  T. 

Next,  let  us  draw     a  great  circle  SQR  of  the  sphere  through  the  star  and 
S  perpendicularly  to  PC'   and  let  point  Q  be  the  point  of  Intersection,     It  is 
evident  from  the  synHietry  of  the  dr  winf;  that  Q*  is  the  projection  of  point  Q 
on  the  plate   (S*Q»  is  the  projection  of  the  great  oirole  SQR),    Finally,  we 
draw  in  the  plane  triable  S»OQ'  the  line  S"Q  parallel  to  S'Q',     Denoting  th« 
polar  distance  of  the  points  Q,  S  and  Of  by  q,  p  und  P  and  noticing,  that  ths- 
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angle  SPO*    (at  i,h»  pole)  ig  equal  to  the  difference  of  that  right-ascensiona  of 
the  star  S  and  of  the  optical  center,  1»«,  it  is  equal  to  a  -  A,  we  obtain  the 
following  from  the  right  angled  spherieal  triangle  SPQt 

rgSQ.  =  sin(j.  tq(<*  —  A)    and     t~qcj  =  tgp.  cosfa.—  A),          (2) 

but  tg  Sq  equal  to  the  sect  ion  S*Q  (as  OQ  »  l)  and  from  the   similarity  of  th« 
triangles  OS"Q  wa  havet 

s"  a      OQ.  _      i 

S'Q!        OQ!'      secO'Q.  ' 
where  arc  O'Q  »  P  -  qj  nonce 


and  hence 

cw       v- 

O  W   =  /»  -  —  "~          /  .-, 

cos(P—  q) 
Finally,  it  is  evident  from  the  drawing  that  0»Q  -  tg  of  arc  0»Q  or: 


The  formulae   (2),   (3)»  and  (4)  are  called  Turner*  a  fornul»4»  and  they  solve 
the  problem*     If  we  transfer  fron  polar  coordinates  :  vto  equatorial  onei  i,e« 
if  iw  substitute  p  «  90*  -  8,  P  «  90*  -  D  and  if  we  eliminate  the  auxiliary 
q,  WB  obtain  the  following  relations  in  reversed  fonai 

On<lf 


It  is  evident  from  equality  (l)  that  in  order  to  "tie*  our  plate  to  the  sky 
we  must  det  mine  four  quantities,  namely  S  the  scale  S,  angle  of  rotation 
(t1  0  so  jjalled  arv;le  of  orientat'on)  and  corrections  Z  on  Z1  to  the  originally 
accepted  coordinates.     Knowing^  approxinately,  the  equatorial  coordinates  of  the 
optical  cfi  ter  A  and  D  and  having  selected  two  stars   (of  those  measured  on  the 
plate)  a  and  0  of  which  are  known,  we  eorapute  for  them  the  Ideal  coordinates  X, 
T  according  to  Turner's  formulae  and  by  the  known  quantities  from  measurement  x 
and  y   (correct  d  for  refraction  etc)  **  obtain  four  equations  for  the  determina- 
tion of  the  four  quantities  inentioned  above,  \4iioh  are  constant  for  the  entire 
plate.     Obtaining  these    'constants*  w»  nay  ooiapute  c  nversely  X  and  T  V  formulae 
(l)  en  confute  a  and  6  by  formulae   (5)  for  any  object    s?asured  on  the  plate 

and  whose  position  is  to  be  determined* 

This  i^.t!.od  is  called  "the  method  of  four  constarts"*  Its  Defects  aret  l) 
the  necessity  of  separate  computations  of  refraction  ly  quite  eonplez  formulae, 
2)  '.he  oombinatio  into  one  system  of  equations  those  with  respect  to  a  and  those 
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with  respect  to  0  and  3)  the  assumption  that  the  scale  is  the  cane  alon  the  x  ad 
and  the  y  axes  and  that  the  axes  are  strictly  orthogeonal  (which  fact  nay  not  b« 
true  in  reality).  But  Turner  offered  another  method,  "namely"!  the  method  of  six 
constants*  -which  has  *nore  of  the  defects  listed  above,  and  is  alnost  as  accurate. 
The  principle  of  this  aethod  is  as  follows:  all  reductions  needed  for  the  trans* 
formation  of  the  measured  rectangular  coordinates  Int*  ideal  coordinates  (orienta- 
tion, scale,  Influence  of  precession  and  nutation,  aberration  and  refraction)  are 
reduced  almost  exclusively  to  a  Mnear  transformation  as  a  function  of  the  sans 
coordinates.  It  '  s  necessary  only  tou}»ep  in  mind  (in  exceptional  eases)  th* 
terms  of  the  second  order  of  refraction  (the  terms  of  the  second  order  of  aberra- 
tion are  negligible)!  however  computations  show  that  the  latter  are  very  snail 
and  in  case  of  necessity  they  may  be  eompu*  ed  separately!  for  instance!  on  plates 
photographed  with  the  normal  aatrograph,  for  the  edge  of  a  plate  (about  50'  -  55' 
from  the  optical  center)  and  for  zenith  distance  »  45*  the  terms  of  the  second 
order  reach  at  maximum  only  about  0",05  -  0",06, 

Thus  in  most  cases  by  far  we  have  the  right  to  us*  the  following  formt 

X    and       d'.x-+-  e'.y  -+-/"=  Y- 


Here  the  coefficients  d,  e,  f  and  d*,  e1,  f*  are  those  six  constants  which  are 
to  be  determined  in  order  to  tie  the  plate  to  the  sky.  Evidently,  three  com- 
parison stars  are  needed  which  are  situated  on  a  straight  line*  Then  all  com- 
putations are  carried  on  by  the  same  formulae,  but  her*  the  connection  of  the 
measured  objects  to  the  o  -pariaon  stars  is  done  separately  along  each  coordinate 
which  method  corresponds  to  the  chain  method  used  in  meridian  observations, 

In  special  very  accurate  determinations  or  in  determinations  of  positions  of 
nura  rous  objects  on  a  plr-.t*  (for  instance,  for  the  photographic  catalogue  of  th* 
sky,  -'or  stellar  clusters  ato)  three  comparison  stars  are  insufficient,  and  mor* 
comparison  stars  are  taken  which  distributed  more  or  less  evenly  upon  the  entire 
plate.  Only  such  stars  are  selected  the  a  and  8  of  which  are  accurately  lonown 
from  meridian  observations  or  from  some  catalogue  (especially  of  a  xone  catalogue 
of  the  Astron,  Gesellaohaft  .(*  A.G),  It  is  inconvenient  to  take  stars  which  are 
too  bright,  as  the  settings  on  their  large  photographic  images  are  less  accurate! 
usually  stars  of  8  -  9th  magnitude  are  taken  as  comparison  stars,  and  occasional- 
ly even  fainter  sta  s  are  used  (from  photograph!*  catalogues).  Let  us  not*  that 
the  a  and  8  of  basic  stars  taken  are  always  the  mean  values  for  the  equinox  of  th* 
year  of  observation,  but  the  proper  otlons  of  the  stars  (when  th*y  are  known)  up 
to  the  epoch  of  the  time  of  photographing  are  taken  into  oonsi  deration.  If  th* 
number  of  comparison  stars  is  larger  than  thre*,  a  series  of  conditional  equations 
of  type  (6)  are  set  up  which  are  solved  by  th*  method  of  Least  Squares  or  other- 
wise,* 


*)  For  instance,  see,  S,  K,  Kostinsky,     "A  Graphic  Method  of  Competition* 
of  Constants  on  Astrophotoeraphic  photographs*   (Published  on  the 
Aoa  leray  of  Sciences,  March  1916   (in  Russian), 
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For  astrographs  of  long  fooua  having  a  snail  field  of  view  the  application 
of  Turner1*  accurate  formulae  are  not  quit*  convenient   in  computation  as  small 
angles  must  be  dealt  with*     In  such  cases  it  is  advantageous  to  transform  them 
into  series  and  to  neglect  the  unimportant  terms  of  the  high  orddrsj  w*  giv* 
their  transformations  mad*  by  the  writer  of  this  chapter  for  normal  astrograph* 
As  the  angle  a  -  A  is  usually  snail,  it  is  evident  from  formula  (2)  that  the 
arcs  p  and  q  are  close  to  each  other*     Assuming  p  -  q  »  6     where   g   is  a  small 
quantity,  and  substituting  p  "  90*  -  8  and  P  "  90*  •  D  we  obtain: 


q  =  p-e.  =  90°-f*+G), 

Substituting  these  values  into  the  formulae  (3)  and  (4)  we  obtain 

X  =  f-g  (oL-A)  .  cos  (9+  ej-  sec(8-D+e.)  ;      /=  l~g  ft-  O+&).     Ci) 


In  order  to  determine  £  w*  substitute  cos  (a  A)  in  formula*   (2)  by  1-2 
sin2  1/2  (o  -  A)  then  w*  hav* 

m  s/nCp  —  q)  sine 

'  sinp.cosq 


whence,  after  si  .pie  transformation,  vw  obtain  an  accurate  formula  for  the. 
detormintion  of  £  in  the  following  form* 


The  second  term  in  the  denominator  of  this  formula  is  a  very  small  quantity  *ven 
for  high  declination*    Assuming  it  to  I*  equal  to  zero  and  denoting  the  function 
2x  sin%  1/2   (a  •»_  Al  by  K,  and  also  substituting  tg  g  by     e"k  sin  1" 
sin  lw 


Function  K  is  found   "n  many  tables   (in  Albreoht's  navigation  tables,  etc) 
and  it  serves  for  the  reduction  of  oiroum  -  meridian  altitudes*     It  is  easy  to 
se*  p^wstrioally  (see  Fin.  13)  that  function   fe  is  the  "ourvatur*  of  the  paral- 
lel" on  the  plate* 

Because  of  the   smallness  of  a  -  A  and  of  0  -  D  (for  a  normal  aatrograph 
<65f),  formulae   (?)  may  be  simplified  and  the  computation  nay  be  reduced  to  a 
series  of  tables*     Indeed,  limiting  ourselves  to  quantities  of  the  third  order 
we  ?aay  writ*  the  following  for  any  of  the  basl*  stars   (the  number  of  stars  as  m)  S 


\S       —    fr*  A  )*    "7™  /5-  \ 

*m  ~  '  &m  "A}  .  /.COS  (0^-+  &). 
and 


sn 


\ 


Fig.  13. 
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where  T  «  tgls  and  is  taken  from  the  table  according  to  the  argument   (o  -  A)8 
taking  into  oonsi  Oration  terras  of  the  third  order*    The  quantity  1ft  and  "Bo  ars 
expressed  here  in  radians  but  it  is  more  advantageous  to  express  t  em  in 
minutes  of  arc  (as,  for  the  normal  astrograph,  1mm  -I1)*  we  finally  obtain: 

do) 

l^r=  r*-*H-*v--+--*" — ~3 — i-'/'"'" 

the  twrm  of  the  third  order  in  the  formula  for    5//7™~    represents  the  so  called 
"normal  distortion"  (see  introduction  §25)1  this  term  as  well  as  the  slightly 
changing  functions  j~js  and  see   (8ja  -  D  *  e  )  are  easily  transformed  irto  tables) 
in  order  to  oorap  te^tS/fl/we  must  use  six  -  place  logarithms  as  the  measured  co- 
ordinates with  which  the  ideal  coordinates  are  compared  often  hare  six  figures* 

Comparing  formulae  (6)  written  on  the  basis  of  Turnsr'S  principles  with 
formulae  (1)  we  notice  that  the  coefficients  d  and  s*  express  chiefly  the  in- 
fluence of  scale   (cos<j»~l),  and  that  the  coefficients  s  and  d*  express  the 
influence  of  the  residual  orientation!  f  and  f1  are  corrections  to  the  origin  of 
coordinates   (z  and  «•}«     But  since  we  express  X  and  T  In  minutes  of  are  and  the 
measured  coordinates  xa,  yn  in  nillimeters,  the  coefficients  d  and  e*  for  a 
normal  astrograph  (where  1mm  -"^l)  will  be  close  to  1,    Therefore  we  nay  set  d  " 
1  *  x,  e  »  y,  f  "  E,  d1  »  x*»  e*  «  1  +  y1,  f«  «  «*,  where  V<B  shall  take  the  small 
quantities  x,  y,  z  and  x*,  y't  «*  as  the  unknown  "constants*  of  the  plate*    Then 
the  equations  of  condition  (e;  will  be  written  as  follows! 


and 

ym+  xm.*'+ijm.yt+i.'—-&rT=*o 

or  Denoting*  A    /_  J    T  ^m      -n     u  ^ 

JCm  —Q)     y/n=i  & i  '  -~  Cj  GUtf    3- m        s/"/» I"        *>t    ym  ~ 

we  reduce  '.'em  to  the  usual  form  of  equations* 

a.x  *  b*y  *  O«E  *  n  "  oj  a*xf  +  b»y*  *  o*  «*  *  n*  "  o  (number  of  equations  "  m) 

Both  of  these  systems  of  equations  are  solved  parallelly  as  they  differ 
only  by  independent  terms  n  and  n1  which  are  the  comparisons  between  the  co- 
ordinates measured  on  'he  plate  and  the  ideal  coordinates,.    Having  obtained  ths 
•values  of  the   "constants",  further  computations  are  mads  according  to  the  fol- 
lowing formulae: 


are  the  measured  coordinates  of  the  object  under  consideration), 

.  Sir,/' 
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With  the  last  formula  It  Is  possible  to  compute  by  logarithm*  the  tern  of 
the  third  or 'or  correcting  Ig0"  m  according  to  the  formula* 


A   I  ~l   ACT*  •     <3%f-5//7c/  TO 

A  loarrn=  mod.  — -^  = — mod.  -^JZL — _ ___.  — \QI 

G"m  3 

The  universal  and  accurate  methods  of  -Teasurement  and  reduction  of  astro- 
grams  expounded  ai  ove  sometimes  require  a  great  expenditure  of  time*     But  there 
are  oases  when  it  is  necessary  to  determine  as  quiekly  as  possible  the  position 
of  a  single  celestial  object  (comet,  planet,  variable  star,  et«)  even  If  the 
accuracy     ias  to  suffer  somewhat*     In  such  eases  it  is  often  sufficient  to  Inter— 
p  >1  te  the  sought  position  of  the  object  between  two   (or  three)  basic  stars*    The 
measurements  are  also  simplified,  they  do  not  require  a  previous  orientation  of 
t' e  plate,     Suoh  interpolation  methods  are  those  of  Kaiser,  Reger,  Wolf, 
Schlo singer* 

Let  K  be  an  object  on  t':e  rlute  the  position  of  which  needs  to  be  de- 
termined  (Fig*  14)*     Let  us  select  two  basic  stars!   (l)and(2)  such  that  object 
K  be,  as  close  as  possible  to  the  line  (l)  -  (2),    Let  us  pass  through  star  (2) 
the  celestial  meridian  and  through  star  (1)  the  parallel  of  declination  (we  shall 
neglect  the  error  of  projection  of  the  sphere  on  a  plrme)*    He  measure  tho  dif- 
ference of  the  coordinates  with  respect  to  some  axes  X,  Y:  Ax  and  Ay  for  the  pair 
of  basic  stars.  Ax,  Ay,  between  the  object  E  and  star  (l),  and  Axg  Ayj>  between 
K  and  star   (2)*     Lot  us  denote  the  an  les  of  inclination  of  lines   (l)  -  (2) 
and  the  axis  X  to  the  parallel  of  declination  by  (f  and  9  respectively,  and  let 
us  note  th  t  section  (l)     C  *  Act   and  (2)  C  *  AC,  where  Act  Is  that  difference  of 

right  ascensions  of  the  basic  stars  which  was  already  reduced  to  the  para- 
llel, i«e»  &CL*=*  ^oca  «eos  1/2  (8j  +  8g),  where  AcLo^Og  —  OL,  on  the  equator* 

From  figure  14  we  easily  obtain  the  following  relations! 


(Aoc.cos9  -—  Ay  .sin  9).  s  • 
AS  =(A  Lj.cosd  -4-  Ax.  sin6).  5.  (  n] 


Psjotor  S  serves  for  the  transfer  from  linear  units,  in  which  Ax  and  Ay 
are  measured,  to  the  angular  ones,  l.e,  it  expresses  the  seal*  of  the  photo- 
-raph.  Comparing  object  K  with  star  (l)  we  similarly  obtain! 

A  OL,  =  (A  oc,  .  cosd  —  A  y,  .  5/77  0).  s  , 

.  sin  9).  s  . 


\ 


16 


A  oc,  -   (A  JC,  .  cos  &  —  Au-  sin  0  )  .  5  ; 

) 
A  c>    =   (  A,  if  .    Cos  8       -  A  JC/  .  51  n  Oj   .  3  . 

Eliminating  factor  S  form  equation*  (11)  and   (18)  we  hat*  I 


But  from  the  expression  abo-vw  «•  har»t 


AJC.A5  —  Ay  . 


i    ,     - 

AOL 

Substituting  tg©  in  the  equations   (13)  we  get  after  some  calculation 
the  following 


.          Ay.Ab  AX.  A     -Ay.  AOL  , 

z*  Ax2-A2         ^» 


fid 

3-_  ^..  ,  .  . 

°~  ** 


Denoting  the  functions 

AX.  A&  —At/. 


=  a 


/, 

*- 


Tfe  finally  obtain 


and  liloewise  ira  obtain 


\ 
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The  position  of  object  K  is  obtained  by  the  formulae: 
a^OL^-ffi.sed 


or 


It  1«  evident  that 

A  a.,-*- Aoc.2  =  Aci,   and 

which  gives  us  a  cheek  on  the  computations*    This  method  of  Kaiser  ("flat" 
aethod),  in  oase  of  large  differences  of  the  oorrdinates  between  X  and  the 
ferenee  stars,  requires  corrections  for  "the  o  rring  of  the  parallel  of  deoli* 
nation"  and  for  "to  convergence  of  the  naridians",  but  we  shall  not  go  into  that 
here* 

F.  Schlesin/er's  method  inquires  three  reference  stars,  so  situated  that 
the  object  to  be  measured  is  situated  inside  the  triangle  formed  by  th«  r©» 
ferenoe  stars.     In  figure  15  let  Fjt  G^t  H.  be  referonoe  stars,  and  A  be  the 
object  to  be  3etor:.iined,     3e  orient  the  plate  approxim  tely  with  regard  to  the 
celestial  axes  and  we  measure  accurately    he  rectangular  coordinates  of  all 
the  four  objects,  i,e,  xlf  y^,  xg,  yg,  x»,  y.,  x^t  y^J  next,  m  draw  our  f iguro  • 
on  paper  and  we  continue  line  P  A  until  it  intersects  line  OH  at  point  PI  we 
measure  the   sections  AP,  FP,  PH  and  QH»    Then  we  take  tho  ratios!  Dj  «  ^p 
V%  *-$%-•     (l  -  Bj)  and  Dj-1-Dj-Djandwe  fom  the  following  expressions: 


(14) 


The  quantities  IX  ,  D«,  D_  are  called  "dependencies"  and  Sohlesinger  offer* 

"If  tne 


figure  and  the  aeaeureraonte  were  quite  exact,  we 
0".    This  statement  corresponds  to  the  situation  in 


the  following  thoorem 

wo  Id  haveJ  nu  *  0  and 

which  A1  is  the  center  or  gravity  of  point  Ft  Gt  H  when  they  are  given  cor- 

respondingly equal  weitftttt  Dj,  Dg,  D^  (Dj  *  Dg  +  D,  »  1),     This  th  orem  nay  be 

easily  proven  for  M*  If  we  project  the   sections  indicated  above  on  the  axes  of 

the  coordinates,  and,  noticing  that  I 


PH         a**- 1 


GH 


*3—X* 


\ 


ffry) 


.  IS, 


1 
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where  £  ,  fj   are  the  coordinates  of  point  Pj  let  us  enter  these  value*  In  the 
formulae  for  the  "dependencies",  and  then  into  equations  (14).  The  proof  for  ay 
is  quite  analogous. 

The  next  step  in  Sehlesinger's  idea  is  as  follows  t  many  volumes  of  the 
"photographic  catalogue  of  the  sky"  are  already  published  w^ere  accurate  rec- 
tangular coordinates  are  given  for  all  stars  up  to  the  eleventh  magnitude  (see 
next  section  §4);  also  tables  (or  "constants")  are  published  for  the  trans- 
formation of  rectangular  coordinates  into  equatorial  ones.  If  our  plate  is 
taken  by  a  normal  astrograph  i.e.,  on  the  same  scale  as  those  of  the  photo- 
graphic catalogue,  it  is  not  difficult  to  find  a  plate  among  those  of  the 
catalogue  olo^e  enough  to  ours  in  regard  to  the  position  of  the  optical  cent  r. 
Identifying  there  (by  their  coordinates)  our  basic  stars  F,  G,  H  and  having 
written  their  exact  coordinates  Xj,  T,,  X_,  Y_  and  Xg,  Yg,  for  1900.0  w»  may 
write: 


as  the  previous  reasoning  and  proof  do  not  depend  on  the  position  of  the  axes 
of  the  coordinates.  Here  XA,  T»  are  the  coordinates  of  the  object  under 
det  rmination  in  the  system  of  the  photographic  catalogue  (for  1900.0). 


Transfering  the  origin  of  the  coordinates  to  the  point  (X^  «  TA  •  0)  and 
connecting  equations  (14)  and  (15)  we  obtain 


Having  computed  X^  and  Y^  according  to  these  formulae,  we  then  transform 
them  into  the  ideal  coordinates  with  the  aid  of  constants  which  are  given  in 
catalogues,  and  finally  into  a  and  8  by  known  formulae. 


The  described  rndthod  has  the  great  advantage  of  enabling  us  to  select 
ferenoe  stars  up  to  the  eleventh  magnitude,  i.e.  a  much  bigger  selection,  than 
in  the  visual  catalogues.  It  is  a  transfer  of  the  photographed  plate  to  the 
plate  of  the  photographic  catalogue  and  it  would  be  entirely  accurate  if  the 
optical  centers  of  the  two  plates  were  to  coincide.  Unfortunately,  this  does  not 
generally  happen,  and  the  plates  are  inclined  to  one  another  (up  to  1*)  and 
therefore  a  correction  must  be  introduced  which  reaches  sometimes  0".5. 


The  graphic  method  of  the  determination  of  "dependencies"  is  less 
accurate,  but  a  computational  method  may  be  offered  for  this  purpose. 
Indeed,  Sohle singer's  method  assume  a  linear  dependence  of  the  measured 
coordinates  x, ,  Xg,  Xg,  y^,  y«,  y-  on  the  plate  on  those  on  the  plat*  of 

the  photographic  catalogue,  therefor*  w*  may  writ** 

dx,  H-  e.y,  -h  f  =  X, 
+  *fc  +  /  =  *t 


and  ^  -=  c/.^  4-  e.^  - 

Solving  tliis  equation  by  means  of  detersdaants,  we  obtain 


y, 


y 
•  A 


Y 
'  /x 


*,  «//  / 
X2  </,  / 

J=3  ^9  / 

or  denoting  the  minors  as  follow*! 


we  have 


f 


But  transferin^,  as  we  had  previously  done,  the  origin  of  the  coordinates 
into  point  A,  we  shall  obtain  X^  -  f , 


M,+  MI 

and  oonparing  this  equation  with  the  first  of  the  formulae  (15)  w  obtain 
n  Mi  n  .  ML  n  M3 
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2,  The  Principal  Application  of  Photographic  Astrometry, 

la  the  present  subohapter  ire  shall  apeak  only  of  the  mala  application* 
of  photocraphio  astrometry  in  stellar  astronomy,  namely  I  the  napping  of  the 
sky  and  the  composition  of  stellar  catalogues  by  meant  of  photography t  and 
the  determination  of  annual  parallaxes  of  stars  and  their  proper  motions. 
Because  of  lack  of  spaoe  we  speak  mostly  on  methods  of  determination,  touch- 
ing but  slightly  the  results  obtained  referring  those  who  are  Interested  In 
the  details  to  the  special  literature* 


4*  Photographio  Maps  and  Catalogues*  a)  The  Photographic  Catalogue  of 
the 'Southern  y.  The  well  known  stellar  catalogue  and  arias  of  the  sky  -  fens 


>urohraM*terung,  -  composed  visually  in  the  fifties  of  the  last  century 
by  Argelandnr  and  continued  by  Sohonfeld,  gives  approximate  positions  (to  08.1 
and  O'*l)  of  all  stars  up  to  9,8  magnitude,  from  the  north  pole  down  to  23*  of 
southern  declination,  altogether  about  458000  (for  1855.0)*.  The  continuation 
of  this  Durohnusterung  to  the  sough  pole  of  the  sky  was  Bade  from  1885  to  1891 
at  the  Obserratory  of  the  Cape  of  Good  Hope,  photograph  ieally  according  to  the 
idea  of  David  Gill*  An  astrograph  was  used,  consisting  of  a  camera  of  short 
focus  with  a  Dallmeyer  objective  (152m  in  aperture)  and  of  a  guiding  tube 
with  an  objective  of  76hm  having  a  focal  length  of  1,4m,  Altogether  618 
plates  of  an  area  of  36  square  degrees  saoh  with  an  exposure  lasting  60 
minutes  were  made* 

It  was  originally  ntended  to  publish  the  results  of  this  work  in  the 
form  of  a  photographic  atlas  of  the  southern  sky,  but  then  the  entire 
naterial  was  turned  over  to  J,  C  Kapteyn  at  Groningen  under  whose  supervision 
a  great  amount  of  work  was  aooopmlished  by  means  of  a  measuring  apparatus 
specially  constructed  (by  Kapteyn)  for  this  purpose*  The  work  continued  for 
5-6  years  and  it  consisted  in  measuring  and  reducing  all  the  plates  and  in 
cataloguing  all  the  stars  almost  up  to  the  tenth  magnitude.  As  a  result  a 
photographic  catalogue  -  the  Cap  Photographic  Durohmusterung  -  in  three 
volumes  was  published  in  1900  containing  positions  (for  1875*0)  and  photo- 
graphic  magnitudes  of  more  than  400000  stars* 


b)  Internat  ional  Photjographic  Map  and  Catalogues  of  the  Entire 
The  great  progress  in  the  development  of  photography  and  its  applications 
reaches  in  'oho  seventies  and  eighties  of  the  last  century  (see  §24)  led  to 
the  idea  of  a  systeroetio  photographing  of  the  sky*  The  excellent  astrophoto- 
graphs  obtained  by  the  Henry  brothers*  (Paul  and  Prosper  Henry)*  Parlsion 
astronomers,  rreatly  enhanced  the  idea*  In  1887  the  idea  became  so  widespread 
that  in  April  of  the  same  year  admfcral  Mouohez,  the  direct  er  of  Pairs  Ob* 
aervatory,  called  the  first  astrophotographle  conference  n  which  representa- 
tives of  16  European  and  non  European  countries  participated  (among  them 
also  representatives  from  Pulkovo)«  Similar  conferences  were  held  in  1889 
and  1891  and  in  following  years}  a  permanent  ooraraittee  WAS  formed  to 
faoiliate  the  realisation  of  the  great  undertaking  to  create  a  photographic 
may  and  a  catalogue  of  the  entire  stellar  sky  (Comite  inter-        _^_  . 

*  The  continuation  of  the  Durohmusterung  for  the  southern  sky  was 
made  at  the  observatory  of  Cordoba  (Argentine)  under  the  direction 
of  J,  Thome  j  after  his  death  in  1908  the  work  was  continued  by  his 
widow  and  at  the  present  time  the  work  is  nearing  completion*  As 
a  result  the  so  called  Cordoba  Duohmusterung  (atlas  and  catalogue) 
will  contain  sta  s  from  23*  to  90f  in  declination  -  altoghther  a 
about  650000  stars  up  to  10th  magnitude* 
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national  permanent  pour  1*  •  ex*oution  de  la  Cart*  photographlque  du  Clel),  and 
the  following  plan  of  work  was  worked  out. 

1)  All  photographs  mist  be  of  a  single  type  (in  the  sense  of  optical 
constant  of  the  astrogr  phs)  and  the  instrument  of  the  Henry  Bros.*  whioh  was 
subsequently  called  the  "normal"  astrograph  was  taVen  as  the  standard  (see  Fig, 
16  and  the  description  of  the  normal  astrograph  of  the  Pulkovo  Observatory  in 
§1  of  this  chapter); 

2)  two  series  of  photographs  should  be  taken  whioh  will  cover  the  entire 
sky!  the  first  series  with  an  exposure  of  about  60  minutes  in  order  that  star*  u 
up  to  tae  fourteenth  magnitude  nay  be  obtained,  and  the  seeond  series  with  an 
exposure  of  5  *•  6  ra'nutes  so  that  all  stars  up  to  the  eleventh  magnitude  may  be 
obtained*  The  photographs  of  the  first  series  magnified  twioh  and  printed  on 
paper  were  to  constitute  the  "photographic  map*  of  the  sky  containing  more  than 
20  million  stars*  The  photographs  of  the  seeond  series  were  to  be  measured  by 
accurate  instruments  and  to  constitute  a  catalogue  of  accurate  position*  of  two 
million  stars  up  to  the  eleventh  magnitude  approximately  (for  1900,0)  with  an 
indication  of  their  p"  otographic  magnitudes 

3)  in  each  of  the  two  series  the  entire  sky  is  to  be  covered  twice,  and 
the  photographs  are  to  be  so  distributed  that  the  optical  centers  of  the 

plates  surrounding  each  of  them  shall  be  close  to  the  corners  of  the  letter! 
thus  each  star  is  photographed  twice  and  on  the  average  in  favorable  position. 

AM  a  plate  of  a  normal  astrograph  covers  about  four  square  decrees  on 
the  sky,  the  entire  number  of  pi  tes  for  eaeh  series  is  220 "4,  The  entire 
work  was  originally  '5  atributed  among  18  observatories  (12  in  the  northern 
and  6  in  the  southern  hemisphere)  but  changes  were  made  later  as  sone  observa- 
tories  had  to  rive  up  their  rortion  of  the  work  because  of  a  lack  of  funds. 
This  fact  retarded  the  publication  of  the  "photographic  maps*  (up  to  1915  only 
3600  of  ir'-em  were  published),  and  tn  later  years  more  attention  has  been  siven 
to  the  Measurement  of  plates  of  the  second  series  for  the  "photographic 
catalogue"  and  to  *  he  publication  of  Its  separate  sones.  Only  the  "rectangular 
coordinates"  of  all  stars  up  to  the  eleventh  magnitude  are  mostly  published, 
and  only  a  few  observatories  have  completed  the  work  up  to  the  computation  of  the 
final  equatorial  coordinates  (a  and  0  for  1900.0). 


*)  The  Henry  Bros*  were  well  known  opticians  who  polished  their  own 

lenses  and  who  built  a  large  astrograph  whioh  became  the  prototype  of 
of  all  instruments  of  this  kind. 


Table  1  shows  the  distribution  of  various  tones  among  the  various  observa- 
tories*)* also  indications  are  given  as  to  which  part  of  the  photographic 
catalogue  were  published  up  to  1930  and  the  f  orn  in  which  they  were  published. 
This  is  of  practical  importance  for  various  aetrophotographio  workj  for  instance, 
in  the  case  of  selection  of  comparison  stars  in  the  application  of  Sohlesinger** 
method*  etc* 

Table  1,  see  p«  23 

As  may  be  seen  from  Table  1,  only  a  few  observatories  give  final,  accurate 
equatorial  coordinates  (o  and  0  for  1900*0)  fo  the  stars,  roost  of  the  observa- 
tories published  only  their  corrected  rectangular  coordinates^  sons  for  the 
transformation  of  the  measured  rectangular  coordinates  into  "ideal"  coordinates 
and  sooBtiraes  tables  are  also  given  for  the  transformation  of  the  la  ter  into  a 
and  0*  It  is  necessary  to  note  that  the  d  and  0  given  in  some  catalogues  and  the 
"constants"  of  plates  given  in  other  catalogues  are  based  on  the  positions  of 
reference  stars  taken  by  various  observatories  from  different  source*  (A«  G«, 
Zones,  old  an1  new  catalogues,  special  series  of  meridian  "observations,  etc); 
besides  "he  ni  thods  of  reduction  used  Here  different  in  various  observatories* 
The  result  is  that  the  a  and  8  given  in  various  zones  are  related  to  different 
systems,  and,  strictly  speaking.  It  will  be  necessary  sometime  in  the  future  to 
undertake  the  colossal  task  of  recomputing  all  constant*  and  to  produce  a  general 
photographic  catalogue  of  the  entire  sky  -  which  will  b»  based  on  a  general  and 
uniform  catalogue  of  reference  stars  obtained  by  a  definite  system. 

To  be  sure,  this  problem  was  posed  from  he  vary  beginning  of  this  entire 
great  work,  but  only  at  the  fifth  international  astrographie  conference  Trsre 
real  efforts  made  in  this  direct ion*  The  Pulkovo  Observatory  was  represented  at 
this  conference  by  its  director  0.  A.  Baklund,  On  the  report  of  J,  Kapteyn  the 
conference  decided  that  "in  the  future  all  the  regular  meridian  observations, 
except  those  for  special  investigations,  are  to  be  limited  to  observations, 
of  those  stars  which  are  reference  for  the  photographic  catalogue"*  It  was 
decided  to  use  the  usual  chain  method  of  determinating  stellar  position,  namely 
all  the  s  are  to  be  determined  are  divided  into  the  three  groups  which  are 
consecutively  connected  to  each  other* 

1)  Reference  stars  so  selected  that  one  star  corresponds  to  each  £5  square 
decrees  of  the  sky  (their  number  is  1610) « Some  of  the  most  important  observa- 
tories (Pulkovo,  Greenwich,  Paris,  Cape  of  Good  Hope,  Washington,  etc)  have 
undertaken  the  reobservation  and  development  of  this  catalogue  in  which  were 


*)  The  Pulkovo  normal  astrograph  was  built  in  1893  and  systematic  work 
with  it  started  only  :n  Sept,  1395*  Therefore,  the  Pulkovo  Observa- 
tory did  not  participate  directly  in  the  work  under  our  consideration, 
but  it  helped  this  work  indirectly  to  a  great  extent. 
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Table  1 


Observatory 


Geographic 


Declination  Zone 


Latitude    From 


up  to 


What  vac  published 


Greenwich 


Rome  (Vatican) 


Catania 


Helsingfors 


Potsdam 


Algiers 


San  Fernando 
(Spain) 


*  51* 


42* 


37" 


*  60* 


90* 


*  64* 


*  54* 


*  46* 


*  «* 


89* 


*  65*      All  is  published  in  full I 

rectangular  coordinates 
and  a  and  8, 

*  55*      Rectangular  coordinates 

for  the  entire  ions* 

+  4T*      Rectangular  coordinates 
for  the  entire  cone]  a 

and  6  only  in  part* 

+  40*      Rectangular  coordinates 
and  accurate  a  and  6  for 
all  hours  of  right  as- 
oension  except  2Jr*  -  21* 
and  22"  3<jP  *  24% 

+  32*      Rectangular  coordinates 
for  the  entire  *one|  a, 
and  8  only  approximately. 


Oxford 

«•  52* 

*  n* 

*  wr 

Rectangular  ooordinates 
for  the  entire  zone* 

Parii 

*•  49* 

*  M* 

*  18* 

Rectangular  Coordinates 
for  the  entire  tone,  ex- 
cept *  18*  of  declination* 

Bordeaux 

*  45* 

«•  If 

*  11* 

Rectangular  ooordinates 
for  the  sone  *  12  -  «•  17* 

Toulouse 

+  44* 

«•  10* 

*   8* 

Rectangular  coordinates 

37* 


«•  36* 


*   4* 


for  to  es  +•  B*t  *  7*#  *  9*, 
*  10*  •  *  12*. 

-  2*      Rectangular  ooordinates 

in  full  for  the  entire 
•one* 

-  9*      Rectangular  ooordinates 

for  the  zone  -  3*  to  -  8* 
in  declination* 


Table  1  Confc'd 
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Observatory 

Geographic 
Latitude 

Deolination 

what  vac  published 

From      up  to 

Taoubaya 
(Mexieo) 

«•  19* 

-  10*       -  16* 

Rectangular  coordinates 
and  a  and  0  for  the  cone 
from  14*  to  -  17*  in 

deolination. 

Hyderabad 
(India) 

*  1?" 

.17*       -  13* 

Reetangular  coordinates 
for  the  son*  from  *»  17* 
to-22*. 

Cordoba 
(Argentine) 

-  31* 

-  14*       •  31* 

Reetangular  coordinate  c 
for  the  cone  from  -  14* 

te  -  26*. 

Perth 
(W,  Australia) 

-  32* 

•  82*       *  40* 

Rectangular  coordinates 
for  -  32*  in  deolination. 

Cape  of  Good  Hope 

-  34* 

-  41*       *  61* 

Rectangular  coordinates 
and  a  and  S  in  full 

for  the  entire  cone. 

Sidney  (Australia) 

-  34* 

-  B2*       -  64* 

Reetangular  coordinate* 
for  the  con*  •  153*  and 
-  61*  (in  part). 

Melbourne 
(Australia) 

-  38* 

-  65*       -  90* 

Rectangular  coordinates 
for  the  cone  from  -  65* 

to  -  68*. 
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entered  1200  of  the  so  called  Pulkovo  "fundamental"  stars  { 

2)  intermediate  atars,  the  number  of  ?*iich  is  10*000  over  the  entire  skyj 
and,  finally; 

3)  proper  referenot  stars  the  number  of  which  is  larger  than  100*000,  i.e., 
on  the  average  from  10  to  20  stars  from  each  plate  of  a  normal  astro  raph* 

Unfortunately,  the   imperialist  was  which  began  in  1914  hindered  the  system- 
atio  execution  of  this  plane  and,  in    eneral,  slowed  up  the  entire  work  of  the 
photographic  catalogue  and  the  maps  of  the  skyj  only  the  previously  mentioned 
catalogue  of  reference  stars  may  be  considered  as  wholly  finished  (la  Pulloovo 
and  catalogue  is  for  1915«0),    In  ecnelusion  we  shall  note  in  regard  to  the 
accuracy  of  stellar  positions  in  photographic  catalogues)  thnt  the  best  of  them* 
the  Helsinf;forts  c  talotjue,  contains  a  possible  error  of  only  +00*#0l  in  a  and 
+0*"1  in  S  for  the  final  mean  position  of  each  starj  in  other  catalogues  the 
error  is  somewhat  larger  -  from  *0n,l  to  +0"»2  in  declination* 

o)    The  Photographing  of  the  A  S  Zones  in  connection  with  the  necessity  of 
accurate  determinations  of  positions  of "reference  stars  let  us  mention  the 
astronraphie  work  in  this  direction  which  is  also  being  carried  on  at  the  present 
tine*    The  "Astronomisehe  Gesellsohaft*  established  in  Germany  in  1863 
selected  for  its  first  problem  the  determination  by  transit  instruments  of 
accurate  positions  of  all  stars  up  to  the  9th  raagnitule  inclusive  which  are 
registered  in  the  Bonner  Durchusterung*    As  a  result  of  a  very  great  effort 
distributed  anong  many  observatories  in  several  countries  and  which  lasted  for 
many  years,  the  well  Itnown  oatalgue  of  A  0  Zones  come  .into  existence  contain* 
ing  about  138,000  stars  within  -2*  to  +80*  in  declination  and  el^ng  a  and  0 
for  1875.0  within  0*»0l  and  0".l,     (The  A  G  catalogue  is  also  being  continued 
gradually  southward)*    This  catalogue  has  already  beeoiae  the  basis  for  many 
zones  of  '-lie  International  Photographic  Catalogue  and  for  other  astrographie 
work,  but  t • ere  is  no  doubt  that  at  present  it  is  not  sufficiently  accurate  (the 
mean  possible  error  of  josition  of  a  star  is  +0"»50  in  declination  and  a  cor- 
responding value  in  rirht  ascension)  as  well  as  because  its  epoch  of  observation 
is  already  far  away,      *e  do  not  know  the  proper  motions  of  major  p*rt  of  the  stars 
contained  in  this  catalogue,  and  for  this  reason  the  error  in  the  position  of  a 
star  in  the  last  fifty  years  may  reach  several  seconds  of  arc* 

All  this  led  to  the  idea  that  the  zones  of  A  G  need  be  observed  again,  at 
least,  for  the  northern  sky,  and  it  was  natural  to  think  of  the  new  powerful 
photographic  method  in  order  to  save  time  andeffort  and  to  combine  the  photo- 
graphic method  with  simultaneous  observations  of  fundamental  stars  with  transit 
instruments*     It  was  evident  that  because  of  the  comparative  brightness  of  stars 
to  be  determined   (9th  or  10th  magnitude)  and  of  the  "mass-production"  work,  it  w 
was  best  to  use  comparatively  small  photographing  :'nsturments  of  smaller  light 
gathering  power,  yet  of  such  optical  quality  ^hat  it  raipht  be  possible  to  use 
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larger  plates  cover  13  a  larger  portion  of  the  iky  In  angular  measure. 

1).    The  first  experiments  in  this  direction  were  made  toy  Sohlesinger  at  the 
Allegheny  Observatory  in  1914*  und  the  good  results  obtained  by  hija  led  the 
Astronomische  Gesellachaft  to  ccnsider  the  problem  seriously.     After  oonsidera- 
t'on  of  this  problem  at  several  conventions   (in  1922,  1924,  1926)  &  detailed 
program  was  worked  out  the  nain  points  of  nhioh  are  as  follows  I 


1)  The  new  fundamental  catalogue  of  Auwars  (F  K^)  is  takan  a*  base  and  to 
it  are  aided  a  special  catalogue  of  13*755  fundamental  start  of  new  observations 
by  transit  instruments  composed  by  Kustner.     Beginning  In  the  winter  of  1927-28 
these  observations  will  be  made  in  full  by  the  Berlin  -  Babelsberg  and  the 
Hamburg  -  Ber,-;edorff  observatories}  besides,  the  observatories  In  Breslau, 
Pulkovo,  Bonn,  Leipsig  and  H«idlberg  will  take  on  some  work  In  special  cones. 

2)  A  special  type  of  zone  astro,  raph  was  developed  (made  by  Zeiss  in  Jena) 
of  the  following  dimensions!  a  wide-angled  objective  of  160m  apperture   (central 
diaphrams  is  85mm)  with  a  principal  focal  length  of  206cm.     (Scale:  100"  in  Iran)? 
the  plates  are  in  plate  f.lass  specially  investigated  for  a  "plane"  of  25x25 

oia  with  an  utilized  field  on  the  sky  of  about  {Tx5*» 

3)  The  taking  of  the  photographs  was  entrusted  to  three  observatories  by 
a  division  of  the  northern  sky  into  three  zones,  nanelyl  Pulkovo  (from  +90 

to  70*   in  declination),  Eamburg-Bercedorf  (from  +67*  »5  to  +22*.  5)  and  Bonn 
(from  +20*  to  2*  .5.    The  neighboring  plates  should  overlap  by  half  (as  was  done 
in  tho  international  map  of  tr  e  sky)  and  on  each  plato  is  made  two  photographs! 
one  of  tfee  exposure  of  10-15  minutes  and  the  other  of  3  minutesj  the  eaulsion  is 
of  the  highest  sensitivity  (Astro-Platten  of  the  Agfa  firm). 

4)  The  measurements  of  the  plates  in  rectangular  coordinates  are  made  on 
specially  constructed  instruments  (Bamberg's  stake)  of  lonr  miorometrio  screw  and 
with  the  application  of  a  reversing  prism*     Besides  the  stars  in  the  cone 
catalogue  additi  nal  stars  are  measured  (from  the  Kustner  and  the  Carrington 
catalogues). 

5)  The  measured  coordinates  corrected  for  instrumental  errors  are  reduced 
to  1950»0  taking  into  o  nsi  -oration  terms  of  the  second  order  of  the 

The  final  computation  of  equatorial  coordinates  and  the  compilation  of  the 
catalogue  will  be  done  by  the  "Astrononisohes  Reohen  -  Institut,  Berlin-Dahlem, 

As  a  result  of  this  well  orgainzed  and  rapidly  progressing  work  we  shall 
soon  hav«  Rood  positions  of  about  150.000  stars  (with  a  possible  error  of  about 
+0"»2  in  declination)  and  their  proper  motion  derived  from  a  comparison  with  the 
AC  Catalogue  for  1875*0.    The  problem  of  a  similar  work  to  cover  the  southern 
sky  remains  as  yet  an  open  one. 

d)     Special  Work  on  the  Certo^raphy  of  the  Sky.     It  is  necessary  to  mention 
two  more  ph  lie  works  on  i     >  eartoGraphy  of     he  sky.    They  are  of  importance 

for  practical  work  and  for  stellar  statistics  especially  singe  the  internationsJL 
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map  of  the  sky  is  appearing  very  slowly*    Vfe  have  in  mind  the  Photographic  Atlas 
of  the  entire  sky  which  is  being  published  by  the  Greenwich  Observatory  and 
based  on  206  phonographs  made  in  1903-1- -10  by  an  ama  eur  In  astronony  I« 
Franklin  «•  Adams,    These  photographs  were  obtained  by  hi*  in  England  and  in  the 
Transvaal  by  a  Cook  triplet   (d    "  25om,  F  «  l»lm)  on  plates  45x45om  with  an  eac- 
posure  of  2  hour*  and  20  minute*  and  they  contain  stars  up  to  the  19th  magnitude* 
A  second  work  of  the  sane  nature    -lit  limited  to  the  zodiacal  Bone  of  the  sky  (in 
connection  with  the  search  for  ra  nor  planets)  was  done  by  11*  Wolf  and  I*  Palisa 
through  photographs  nade  by  the  wall  known  "Bruce"  "  telescope  of  the  Heidelberg 
Observatory  (astrograph  with  two  cameras*  d  »  40om,  F  •  2m);  200  naps  have  been 
published  so  far  with  a  field  of  6*x7*  on  a  scale  of  t*  per  Ion  containing  stars 
down  to  16th  magnitude,  approximately* 

§  5.     Determ  nation  of  Stellar  Parallaxes  by  the  Photographio  Method, 

The  annual  parallax  of  stars  is  one  of  the  nost  important  stellar  character- 
istics whioh  sives  us  a  notion  of  the  distances  of  stars  from  our  solar  system 
and  of  t-ie  true  dimensions  of  the  un-veree*    At  tho  same  time  the  determination 
of  the  quantity  trigonometrioally  is  a  very  difficult  problem  in  astroiaony  at 
may  be  seen  from  the  following  considerations! 

1)  we  know  frcm  direct  aeasurenents  and  from  statistical  considerations 
that  only  a  very  few  star*  are  comparatively  close  to  the  solar  system  and  that 
the  annual  parallaxes  of  stars  are,  on  the  average,  very  small  and  are  almost 

on  the  border  of  the  limits  of  accuracy  of  our  measurements   (the  parallax  of  the. 
nearest  star,  a  Centaur!  is  Ow,78,  that  for  second  nearest  star,  Proxima 
Ophiuchl   (lTfi5&i  +  4*25')   is  0",54,  and  fior  stars  of  the  eighth  magnitude  the 
pi  rallax  is,  on  the  average  of  the  order  of  On*008; 

2)  the  influence  of  the  parallax  of  a  star  on  its  apparent  coordinates  on 
the  *ky  is  a  function  with  a  period  of  one  year  (this  Is  why  we  say  "annual 
parallax"),  l  ut  raost  of  the  systonmtio  errors  of  the  measurements  depend  on  the 
harmful  influence  of  terop-rature  chances  upon  o  ir  instruments,  the  accurate 
m^asurin^;  Instruments,  atmospheric  conditions  eto,j  hence  these  errors  have 
also  an  annual  period  and  in  many  cases  they  »*y  conceal  entirely  'he  influence 
of  the  parallax. 

This  is  the  reason  why  as  roncjaeri  long  age  gave  up  the  methods  of 
deterrain  tlon  of  absolute  parallaxes  of  star*  and  apply  instead  the  differential 
methods  only,  i,e,  comparing  the  annual  parallaxes  of  nei  ftborinfi  stars 
positions  of  vfcioh  are  subject  to  more  or  less  the  some  harmful  influences 
(instrumental,  atmospheric,  eto)  and  hence  they  eonoel  each  other*    Thus  a  very 
accurate  relative  parallax  of  a  star  is  obtained,  i,e,  the  difference  between 
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the  absolute  parallaxes  of  a  given  star  and  thd  comparison  s  ar.  If  there  are 
grounds  for  assuming  that  the  comparison  star  Is  very  distant  (faintness, 
absence  of  noticeable  j roper  motion,  etc),  the  absolute  parallax  may  be  taken  as 
practically  zero,  or  it  nay  be  deducted  from  other,  statistical  considerations. 
Thus,  we  ay  cone  close  to  the  absolute  value  of  the  parallax  of  the  star  under 
consideration* 

numerous  ;iethods  of  observation  have  been  applied  for  the  determination  of 
trigonometric  parallaxes,  such  ast  miorometrio  -neasureraents  with  refractors, 
velionetric  measurements  and,  finally,  differential  observations  of  transits  of 
stars  across  the  erldlan.  But  all  these  etho-is  are  now  supplanted  by  the  much 
more  accurate  photographic  method.  Let  us  note  that  other  'ndiraot  methods  art 
also  used  at  present  (of  which  a  detailed  account  will  be  given  in  another 
chapter),  for  instance:  statistical,  photometric,  dynamic  and,  especially, 
speetrosoopie  methods,  but  we  must  say  that  the  basis  of  manor  of  these  methods 
are  parallaxes  of  individual  stars  which  were  obtained  tri gonoraetrioallyj  thus, 
systematic  work  in  this  field  is  necessary* 

We  shall  expound  here  Kapteyn's  mass  determinations  (Durohmusterung)  of 
stellar  parallaxes  upon  a  single  plate.  Though  this  method  if  rftroly  used  now- 
aday, many  investigations  and  remarks  are  connected  with  it  which  are  common  to 
all  other  contemporary  methoia.  We  shall  next  expound  the  more  modern  photo- 
graphic methods  used  for  the  determinations  of  parallaxes  of  separate  stars. 

a)  Kapteyn's  Llothod.  As  far  back  as  1892  Kapteny  expressed  the  original 
Idea  about  ity  of  using  the  "hidden  image11  in  order  to  'ark  the 

photographic  method  of  deterninations  of  parallaxes  (or  of  proper  motions) 
differential.  The  idea  is  as  follows:  Let  us  nake  a  photograph  of  the  region 
of  the  sky  nder  investigation  at  an  epoch  -when  this  region  precedes  the  Sun 

in  right  ascension  (Phot.  1  M  on  Fig.  17).  As  it  !•  geometrically 
easy  to  imagine,  the  annual  parallax  of  stars  at  this  opooh  and  in  the  given 
region  will  have  a  naximum  influence  on  the  stellar  right  ascension  by  increasing 
t.  Obtaining  thus  a  hidden  !mage  1  M  or  a  series  of  starsl  S.,S,&.... 
we  leave  the  plate  undeveloped  for  about  6  months  i.e.  up  to  the  epolh  wfite 
the  visible  ri{ ;ht  asce-sion  of  the  Sun  changes  by  12*1,  and  the  region  of  the 
sky  under  investigation  will  follow  after  it  approximately  by  6h  in  right 
ascension.  Placing  t1  en  our  plate  again  upon  the  instrument  in  the  same  way  and 
raerely  shifting  the  image  by  several  seconds  in  o,  w«  take  another  photograph 
(m)  of  the  same  region  of  the  sky  under  the  same  conditions  as  much  as  possible. 
Then  shifting  the  images  on  the  plate  a  little  nore  we  obtain  *  third  photograph 
(m)  and  we  again  leave  ihe  plate  undeveloped  for  six  months.  Finally,  we  make 
;he  last  fourth  photograph  (M)  -  almost  a  year  after  the  first  Jjhotographj  then 
the  photograph  is  developed  in  the  usual  way. 

Assuming  the*  the  photographs  are  taken  near  the  meridian,  it  is  evident 
hat,  in  order  to  weaken  the  nfluenoe  of  the  "hour  an^le  errors",  the  photo- 
graph 1  and  4  will  be  made  in  t  e  norning  before  sunrise,  the  photographs  2  and 
J  are  made  in  the  evening  after  Sunset  (the  latter  two  photograph*  are  only  a 
few  minutes  apart). 


*  See  Sheet  38 -a 
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Ot'-er  arrangements  of  the  photographs  are  possible,  but  the  scheme  on  Fig,  17 
is  t^e  nost  typical. 

In  the  ideal  case  •when  the  pH-ot  raphs  are  sit  ated  not  in  right  ascension 
but  in  longitude  and  are  made  at  the  eopcha  of  maximum  positive  or  negative 
influence  of  he  parallax,  it  is  evident  geometrically  that  the  distance  P 
between  the  first  and  second  ima<;e  will  be  shortened  f  r  eaoh  star  by  2/T 
where  H  is  its  absolute  parallax,  and  distance  Q  between  the  3rd  and  4th 
rhoto(~raphs  are  lengthened  by  27T  ,  Thus  the  difference  Q  -  P  will  contain, 
besides  all  other  influences,  the  quadrupled  amount  of  the  annual  parallax, 
and  the  sum  Q  +  P  will  be  free  of  the  influence  of  he  parallax,  but  will 
contain  the  influence  of  the  proper  notion  for  one  year.  It  is  more  convenient 
in  practice  to  do  as  was  said  above,  so  that  the  coefficients  of  the  Influence 
of  the  i..  rallax  are  always  a  little  less  than  unity, 

Let  us  pass  to  L.ho  problem  of  measurement  and  reduction  of  the  plat* 
phot      d  by  Kapteyn's  method.  Orienting  the  plate  In  the  instrument,  the 
distances  P  and  Q  for  all  stars  appearing  on  the  negative  are  accurately 
measured  by  the  raiorom  ter  sores  as  well  as  (approximately)  the  rectangular 
coordinates  x  and  y  of  stars  with  respect  to  the  optical  center  of  the  plate, 
The  measurements  are  made  as  usual  in  two  positions  of  the  plate  differing  by 
180*  in  order  to  exclude  the  personal  error  of  setting.  Let  us  note  that  the 
technical  errors  of  the  instrument  have  no  influence  hare  because  of  the  small-* 
ness  of  the  measured  distances  (of  the  order  of  several  tenths  of  a  millimeter)} 
besides  Q  and  P  change  little  from  star  to  star,  so  that  in  the  comparison  of  ths 
stars  •with  each  other  all  technical  errors  are  excluded  from  the  result, 


Let  us  denote  n  w  by  x^yi,  ^2^2*  X3V3»  and  *4P4  t1he  reetangular  coordinates 
of  images  1  ...  4  taken  In  the  epoch  tj,  t£,  tj,  and  t..  Then  let  7T  be  the 
absolute  parallax  of  the  given  star,  and  ji^  «  H^.  cos  o  be  its  proper  motion 
along  the  coordinate  Xf  let  us  denote,  finally,  by  h  the  coefficient  of  in* 
fluenoe  of  the  parallax  along  coordinate  X  determined  by  the  well  known  formulae 
of  spher-Iaa"1.  astronomy* 

h  »  m  .  !  .  in  (O  -  M);  m  :.  sin  M  "  sir  aj  m  :.  cos  It  •  cos  a  .  cos    }  h  . 
«  sea  8  " 


where  O  is  the  longitude  of  the  Sun,  R  is  tha  radiusveotor  of  the  earth's  orbit, 

is  t'.e  inclination  of  the  ecliptic  and  a  and  8  are  the  optioal  center  of  the 
plate.  Passing  from  the  apparent  measured  coordinates  to  'he  true  ones 
with  respect  to  some  fixed  system  of  axes,  we  muat  take  'nto  considerati  n  the 
influence  of  the  following  factors  : 

1)  tv.e  correction  of  the  accepted  value  of  the  scale  of  the  platej 

2)  the  orientation  and  transfer  to  a  new  origin  of  coordinates  (the  influence 
of  preoessi  n  and  nutation  changing  only  the  ?  osition  of  axes  are  included  here); 

3)  normal  and  abnormal  distortion  of  fie  objective; 
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4)  other  instrumental  error*  which  are  functions  of  the  position  cf  the 
image  of  the  star  on  the  plate  (for  instance,  the  Inolinatlon  of  the  plate  to 
the  optical  axis,  etc,), 

5)  differential  refraction  and  aberration? 

6)  the  annual  parallax  and  proper  notion  of  a  star* 

A  substantial  part  of  all  these  factors  except  (6)  may  be  expressed  by  * 
linear  function  of  the  coordinates  x  and  y,  and  only  for  sons  terms  of  the  second 
order  (r  Traction  for  instance)  nay  be  needed  which  are  usually  small  when  the 
proper  precautions  are  taken*  Therefore  we  may  write  for  our  four  images  of  a 
given  star  the  following  t 


2)  £,= 

3)  ts=s 


4}  L4=  ^-h 


/72.7T 


A»  the  coordinates  Xjy^  ...»  x^y^  differ  little  one  from  the  other  and  the 
coefficients  b^  o^  d   .....  are  snail  quantities,  tre  may  take  for  each  star  the 
coordinates  of  the  center  of  ^rarity  of  all  its  images,   i»e,    we  may  aaaume 


~4~ 

and 
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Taking  this  Into  consideration  ise  subtract  the  f  irtt  equation  from 
the  second,  and  the  third  from  the  fourth,  and  we  connect  all  terms  of 
the  first  order  into  one  linear  function  while  the  terns  of  the  second 
order  are  set  separately*    Then  we  have  I 


. C      - — -      -jt 

fc>.     t*  • 


-  -  f ft 


where  <pz  and  ^2  denote  the  sum  of  all  terai  of  the  second  order*    Hot  icing 
that  xg  -  xj  «  P  and  X4  -  »3  »  ft  and  that  the  differences  of  the  true 
coordinates  iz~^/  and  L^  ~£3  are  constant  quantities  for  all  stellar  images 
(a  general  shift  of  images  on  the  plate),  we  connect  these  latter  with  the 
constants  ax  and  Og  and  then  we  exclude  from  equation  (16)  the  proper 
motion  ti*    Aa  a  result  we  obtain 


ft— 


Denoting  here 


'  i 


=,^     and 


finally  obtain 

A  -4-  8. 


--  6  \P  =  0. 
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On  the  other  hand,  adding  the  equations  (16)  we  obtain 

0-f-  £x 


AM  tjj  '—  *-  t«  and  h-  «  hg,  the  second  and  third  photograph!  fall  o-rt«  andt 
whan  the  first  and  fourth  photographs  are  olose  to  eaoh  other  In  the  sarae  epoch 
of  the  year,  then  hj-^-'h^,  i.e,  the  coefficients  at  7T  turn  into  zero  and  the 
equation  assumes  the  form 

o.  (id) 

Hare  P  +  Q  may  directly  represent  the  distance  between  the  first  and  last 
photograph  (along  the  coordinate  x)  the  difference  in  the  epochs  (t4  «•  tj)  of 
which  may  be  increased  by  many  years  on  special  photographs*  The  influence  of 
errors  of  the  second  order  is  almost  occluded  when  both  photographs  are  made 
olose  and  at  equal  hour-angles 


Turning  to  formula  (17)  and  neglecting  for  a  while  the  terms  of  the  second 
order  <pz  which  may  be  'et^rrained  separately  or  computed  a  priori  (for  refraction), 
-ve  note  that  £he  quantities  x^  y^  H  and  Q  <•  6.  P-  ?  are  ^-nown  from  the  measure-* 
ments  and  computations,  but  the  coefficients  Aj  Bj  C%  constants  for  all  stars  on 
the  entire  plate  and  the  absolute  parallaxes  ft,,  77^.....  flm  (if  m  stars  are 
measured  on  the  plate)  are  unknown*  Therefore,  there  are  m  equations  of  condition 
of  the  -"crm  (l?)  with  (m  +  3)  unknown  s,  and  it  is  clear  from  this,  that  we  may 
determine  only  the  relative  values  of  the  parallaxes  by  solving  this  system  of 
equations  by  successive  ap  roximations* 

If  we  have  no  previous  data  in  order  to  judpe  the  magnitude  of  the  parallax 
of  this  or  t'  at  star  from  the  number  of  stars  measured  on  the  plate  (brightness, 
large  prop-  r  notion,  etc).  The  most  natural  hypothesis  would  be  the  initial  as- 
sumption that  all  absolute  parallaxes  TC,  ,  7TZ.,,.,  TTm  »re  practically  equal  to 
zero,  or,  more  correctly  they  are  within  the  limits  of  errors  of  observation  and 
measurement*  Then  vie  shall  have  a  system  of  a  equations  frith  three  unknowns  S 
A,  3,  C  of  the  form 


Solving  this  system  by  t  e  ciethol  of  least  squares,  we  may  o  mpute  the 
function 


v  «=•  A  -\-  B.ac  -+-  C,y 

for  all  measured  stars,  t-nd  substituting  its  value  into  equation  (17),  we  obtain 
therefrom  for  eaoh  star; 


,  (II) 


where  K  »  Q  -  G.P   (or  K  -  H- 

In  other  words,  we  compute  the  remainirig  errors  v  +  K  in  conditional 
equations  and  we  try  to  find  there  noticeable  parallaxes.  If  v*e  find  them,  the 
equations  of  condition  for  the  respective  stars  are  excluded  and  a  second 
computation  by  the  method  of  least  squares  is  made  (second  approximation)* 

It  is  not  difficult  to  see  that  each  parallax  computed  by  formula  (19)  i«  * 
relative  one,  taking  the  rnean  parallax  of  all  stars  entering  into  the  system  of 
conditional  equations  as  sero,  Indeed,  summing  up  the  fundamental  equation  (l?) 
for  all  m  stars  we  have 

m.  A  -h  B.  \x]  -+-  C.[]-h  //.J/r-r-  [/C]  =  O. 


But  in  the  det  rmination  of  the  coefficients  A,  B,  C  by  th«  method  of  least 
squares  the  first  normal  equation  has  the  forml 


m.  A 

and  connecting  it  with  the  foregoing  we  have 

H  •  IE  7T  =  Of   Of 

Hence  it  follows  'hat,  theoretically,  the  probable  relative  parallax  should 
be  with  a  plus   (+)  sign  for  about  half  of  all  stars  measured  on  the  plate,  and 
with  a  minus  (-)  sign  for  the  other  half j  but  it  is  evident  that  all  atars  with 
a  noticeable  p-rallax  will  have  a  tendency  to  be  in  the  negative  region|  this 
circumstance  is  important   statistically. 

As  l-o  the  terras  of  the  second  order      Q?2(x»  y  )  the  investigations  of 
several  scientists  (Karteyn,  Von-Uannen,  anr  others(  have  shown  that  if  sons) 
r  cautions  are  taken  (photographs  near  the  meridian,  weakening  ths»  brightness 
of  the  bright  stars  by  various  devices,  etc)  they  are  very  small,  and  they  may  be 
detected  as  systematic  errors  only  by  coraparing  the  results  obtained  by  different 
methods, 

Kapteyn'3  method  has  been  successfully  applied  at  several  observatories 
(Helslngfora,  Pulkovo,  Bonn,  etc)  yielding  individual  p«r«llsjBSS  with  a 
possible  error  from  +0",0l  to  +0",03  (for  a  normal  astrograph))  using  instrum  nts 
of  lonr;  focus  and  in  better  atmospheric  conditions  t-.he  possible  error  should 
become  still  less.    However,  at  present,  due  to  technical  causes,  it  is  prefer- 
able to  make  photographs  at  the  epooh  of  maximum  influence  of  the  parallax  on 
separate  pi  tes  even  for  the  determination  of  the  parallax,  and  then  they  are 
coordinated  by  nethods  -which  r*e  shall  describe* 

b)  General  Methods  of     '  o  Detemlnation  of  the  Parallax  of  an  Individual 
Star  from  a  Series  of  Plates,     All  fVo'se  nethods  are  based  on"  this  comparison  of 
a  series  of  rl  tes  with  one  or  several  raphs  of  that  part  of  the  Sky  where 

the  star  under  oonsiderati ••"   is  located.     Usually  YJB  obtain  fro^j  10  to  20  plates, 
taken  in    roups  of  3-5  plates  near  the  epochs  of  the  maximum  influence  of  the 
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parallax  in  right-e-cension  (or  in  longitude)!  henee  all  observations  are  dis- 
tributed, approximately,  through  1  1/2  -  2  years  (sometimes  longer).  The  plates 
are  developed  inned lately  after  photographing  and  then  they  nay  be  measured  by 
various  methods  (in  rol«*  coordinates,  rectangular  coordinates,  comparison  of 
platos  in  pairs  or  with  one  of  them,  etc,)*  Before  we  go  rtto  detailed  discuss- 
ions :n  photographing  comparatively  bright  stars  In  order  to  obtain  their  paral- 
lax. Tile  have  previously  said  that  in  a  simultaneous  photographing  of  faint  and 
of  bright  stars  on  a  plate  harmful  effects  may  appear  having  the  character  of  a 
"light  equation"  and  distorting  the  relative  postions  of  their  photographic  images* 
i:ere  belong  the  so  called  "hour  angle  errors"  depending  on  the  inaccuracy  of  the 
setting  of  the  astrograph,  on  the  influence  of  differential  refraction  and  atmos- 
pheric d'. spresion,  etej  t  en  the  guiding  errors  acting  on  the  right  ascension, 
reflecting  differently  on  stars  of  various  brightness  and  depending  on  th*  not 
quite  correct  hour  hemehaism  as  will  as  on  the  inacouraey  of  the  "perception"  on 
the  guide  star  (observer1*  personal  error)*  It  is  evident  that  for  the  exclusion 
of  the  "li^ht  equation"  it  is  necessary  to  compare  the  brightness  (magnitude)  of 
the  photographic  image  of  the  star  the  parallax  of  which  is  determined  with  the 
mean  brightness  of  the  comparison  stars  which  are  selected  usually  so  as  to  be 
not  brighter  than  a  star  of  the  10th  ma;jiitude.  This  can  be  achieved  by  several 
methods  « 

1)  The  central  part  of  the  plate  where  the  image  of  the  star  is  located  is 
treated  by  a  chemical  substance  which  lowers  its  sensitivity  (for  instances  by 
a  l°/o  solution  of  copper  sulphate), 

* 

2)  A  simitransparent  screen  absorbing  a  definite  part  of  the  light  of  a 
star  under  investigation  is  put  on  the  central  part  of  the  plate  right  on  top  of 
the  sensitive  layer* 

3)  Immediately  in  froat  of  the  center  of  the  plate  an  opaque  screen  Is  placed 
which  has  the  rorm  of  a  small  iisk  with  a  sector  out  out  of  it*  The  angle  of 
this  sector  nay  be  changed  within  wide  limits*  the  entire  disk  rotates  during  the 
exposure  with  a  velocity  of  6  -  8  rotations  a  second  (by  moans  of  a  small  electric 
motor),  .It  Is  evident  that  the  exposure  of  the  star, the  parallax  of  which  is 
being  determined, by ^broken  up  into  a  series  of  short  periods.,  which  in  their  sum 
produce  such  an  influence  of  the  plate  as  if  the  brightness  of  the  star  decreased 
in  ^he  ratio  of  the  angle  of  the  sactor  to  360* j  thus  it  beoones  possible  to  lower 
the  brightness  of  a  star  br  8  -  7  magnitudes, 

4)  In  front  of  the  objective  of  the  tube  a  diffraction  grating  is  placed 
consisting  of  a  series  of  parallel  wires.  As  a  result  the  plate  gets,  besides 
the  central  image  of  each  star,  also  on  each  side  of  the  central  image  two  (or 
more)  diffraction  images  in  the  form  of  very  small  spectra  whioh  are  considerably 
less  bright  then  the  central  images.  It  is  evident  that  in  measuring  such  a  plate 
we  nay  make  reference  to  Hie  odnteral  images  for  faint  o  nparlson  stars,  and  for 

a  bright  stur  under  investigation  v»e  may  take  the  mean  of  two  symmetric  dif» 
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fraction  images* 

The  third  method  (the  rotating  sector)  is  used  most  often  at  the  present 
time,     ut  sometimes  it  is  combined  also  with  some  of  the  other  methods  ex- 
pounded here   (for  very  bright  stars))  for  instance  we  were  enabled  to  compare 
the  photographic  image  of  Sirius  with  stare  of  the  10th  magnitude  i*e.  as  if  its 
brightness  was  lessened  by  11  1/2  magnitudes. 

It  is     ooeosary  to  state  here  that  of  1  to  American  Observatories  ha  -e  been 
engaged  in  determination*  of  stellar  parallaxes  to  a  large  extent  then  observe* 
torios  elsewhere,  nanely,  those  of  Allegheny,  Dearborn*  MeCormiok,  Sproul 
(Swarthmore ) ,  Yerkes,  Tan  Vlook  and  Jfount  Wilson J  the  Greenwich  Observatory  and 
t  e  observatoty  of  Johannesburg  in  Bouf,h  Africa  have  also  done  rauoh  work  in  thii 
field.    All  these  observatories  use  large  instruments  of  long  focus  and  not  only 
special  photographic  refractors,  but  also  visual  refraatorsj  in  the  latter  oase, 
in  the  photograthihg  yellow  filters  of  light  and  orthoohromatio  plates  are  used 
which  help  to  exclude  the  influence  of  atmospheric  dispersion  although  they 
lengthen  the  exposure*     In  the  case  of  a  long  visual  refractor  "a  leading  eye 
glass"  for  the  purpose  of  "holding  on"  to  the  star*    This  eye  glass  intercepts  a 
part  of  the   side  rays  in  the  tube*     It   is  connected  with  the  plate  holder  which 
may  be  sllngtly  shifted  in  two  mutually  perpendicular  directions  by  special 
miorometric  screws   (Ritohy's  plate  holder), 

e  application  of  instruments  of  long  focus   (P  •  7m  to  P  «  20m)   is  ad- 
vantageous  in  the   sense  of  inereas'np;  the   scale  of  the  photographs  -which  fact 
also  increases  the   accuracy  of  the  measurements  even  if  this  increase  in  ac- 
curacy is  not  proportional  to  the  scale}  but   it  lessens  the  field  of  view,    He 
must  especially  note  the  Leander  ifaCoraiok  Observatory,  Virginia,  whoih  has 
published  more  t-  an  a  thousand  parallaxes  with  a  probable  mean  error  of  about 
+0",0094;  also  the  Mount  Wilson  Observatory,  California  where  the  work  is  done 
with  the  aid  of  the  largest  reflector  in  the  world  (mirrors  of  60  and  100  inches 
in  diameter)  enabling  us  to  determine  parallaxes  even  of  very  faint  etare 
(the  probable  error  of  one  parallax  is  about  +0".007).    We  shall  now  expound 
those  two   Ufferent  aethoda  of  treatment  of  plates  for  parallaxes  whieh  are  used 
in  the  two  American  Ob8e*rvatorios  just  mentioned. 

o)     The Application of  the  Steraooomparator   (aiinkmiorosoope  and  Stereo- 
micro  scope       At  Mount  "Wilson  A,  Van-lMaanen,  a  student  arid  follower  of  kapteyn, 
is  apr'lyin":  "he  method  of  photographic  determination  of  stellar  parallaxes  and 
proper  motions.    This  method  is  essentially  the  same  as  that  of  Kapteyn  except 
that  no  used  is  made  of  the  latent  iraare.    The  differene*  is  thet  in  thie  aasthod 
the  relative  shlfte  of  stars  are  .njeasured   (between  the  first  and  second  or  the 
third  and  fourth  epochs,  or,  the  distances  P  and  Q)  not  on  the  same  plate,  but 
between  a  pair  of  plates  placed  in  a  Zeiss  stereoeoioparator,  as  if  optically 


combined  i  to  one  plat*  in  the  eye«pieoe  of  the  blinkmiorosoope  or  stereo- 
miorosc'.pe,  Usually  an  even  number  of  plates  is  photographed  (10  -  18),  half 
of  this  number  for  the  epoch  close"  to  the  maximum  positive,  (and  the  other  half 
for  the  maximum  negative)  influence  of  the  parallax.  Then  these  plates  are  con- 
nneoted  in  pairs  in  such  a  nanner  that  the  plate  photographed  near  the  meridian 
in  the  morning  (the  positive  coefficient  of  the  parallax  with  respect  to  the 
right  ascension)  is  connected  to  t-  e  one  photographed  in  the  evening  (negative 
coefficient)*  On  the  rlates  (6  -  10)  faint  comparison  stars  are  selected  around 
the  star  under  \nvestigation  and  a  d:  stance  not  greater  than  8'  from  the  star, 
and  the  rectangular  coordinates  of  these  stars  are  measured  with  respect  to  the 
star  as  the  origin,  with  an  accuracy  of  0.1» 

The  plates  are  oriented  in  the  comparator  in  sueh  a  way  that  the  images  of 
the  sane  star  en  two  plates  must  coincide  optically,  and  the  measures  by  the 
micrometer  screw  are  made  in  the  direction  of  the  parallel  of  declination 
(alontf  '•  '  e  X  axis)*  It  is  evident  that  a  very  small  portion  of  the  screw  (not 
more  than  0*5  mm)  is  used  and,  of  course,  all  precautions  *>"»  taken  for  the 
exclusion  of  the  personal  error,  of  the  possible  influences  of  a  change  in 
temperature  on  the  instruments,  etc*  Denoting  by  D  the  difference  of  the 
measures  on  two  pair»  of  plates  (in  the  sense:  morning  minus  evening  plate)  as 
in  Kapteyn1*  method,  we  may  write  the  following  for  eaoh  measured  star 

a-\-  b.x-+-  c.-*-a>-lt-A.  77-+-  Am-.  —  D, 


where  A/3  and  Am  are  the  differences  of  the  coefficients  of  the  parallax  and  of 
the  proper  motions  between  the  pair  of  plates,  and  functions  a  +  b  »  x  +  e  •  y  *  9^ 

are  all  the  other  influences  on  the  distance  (soale,  orientation,  refraction 
etc)  and  cpt  is  the  sun  of  terms  of  the  s  e  nd  order  which  nrny  be  neglected  here, 
and  the  coefficients  a,  b,  e,  are  constants  for  a  ptven  pair  of  plates,  ^rooeed- 
ing  in  the  same  way  as  Kajteyn,  Van-Mannen  first  assumes  the  parallaxes  and  proper 
motions  of  all  comparison  stars  to  be  equal  to  zero!  he  determines  a,  b,  o  for 
each  pair  of  plates  by  the  jnothod  of  least  equares  from  equations  of  the  font  a 
+  b.x+o.y«D,  and  the  value  of  D  for  all  stars  is  decreased  by  Do  for  the 
star  the  parallax  of  whieh  is  being  determined  (i.e.  D  is  taken  to  be  equal  to 
zero).  It  is  to  be  noted  that  the  first  terms  of  the  oonditidnal  and  normal 
equations  remain  the  same  for  all  pairs  of  plates* 

Inserting  'she  obtained  values  of  a,  b,  c,  in  the  equation  given  above  we 
find  the  individual  valvses  of  parallaxes  of  e  raparison  stars  with  respeet  to 
the  mean  parallax  from  all  those  taken  to  b*  equal  to  zero.  For  the  basic 
star,  for  which  x  «  y  «  o,  the  following  equation  of  oonditionr  '  is  obtained  for 
eaoh  pair  of  plates; 

n-\-  &m.-\-  a  =  O  (  For  this  O  =  — 
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the  solution  of  these  equations  of  condition  .  Ives  the  final  values  of  the 
parallax  and  of  the  proper  motion  of  the  star  under  consideration. 

In  1912  the  author  of  this  article  showed  the  possibility  of  the  simultane- 
ous detcrmin  tlon  of  the  annual  parallax  and  of  the  proper    otion  Btereosoopioal- 
lj£  -  from  the  combination  of  three  plates  divided  by  intervals  of  half  a  year 
"(see  S.  Kostir.sky  "On  the  Problem  of  Determination  of  S  ellar  Parallaxes 
Stereoscopieally",  Publications  of  the  Academy  of  Sciences  Noll,  1912  in  Russian). 

d)     Method  of  Ifeasureraeiit  jof  the  Root  annular  Coord  inates  and  Reductions  of 

the  formal  ft. ate . 

Let  us  have  a  series  of  plates  of  the  sane  region  of  the  sty  having  tht> 
star  under    nvestlgation  nearly  at  the  center,  and  let  us  have  the  plate*  photo- 
graphed at  various  epochs  with  respect  to  the  influence  of  the  parallax  and  the 
proper  motion*     If  we  select  on    he  plate  no  less  than  three  basic  stars  (the 
same  for  all  platei)  and  t'en  accurately  measure  on  a  Repsold  instrument,  or  sons- 
other,  the   rectangular  coordinates  of  all  selected  stars  including  the  star  under 
invest  igati  T>,  it  is  evident  that  we  may  onospute  strictly  '-.h    equatorial  coordin- 
ates of  the  latter  for  each  plate  separately  by  taking  a  certain  system  of 
equatorial  coordinates  ^or  the  basic  stars*    Then  we  may  investigate  the  variations 
of  these  coordinates  i.e,  the  change  of  the  position  of  the  star  on  the  kty  re- 
gardless of  the  causes  of  this  change* 

However,  if  we  are  not  interested  in  the  absolute   (mean)  position  of  a  star, 
but  only  in  its  changes  depending  on  4he  parallax  or  proper  notion^  it   is  suf- 
ficient to  have     nly  the  approximate  values  of  the  absolute  rectangular  coord 5 n» 
ates,  but  it  is  necessary  to  know  accurately  their  differences  between  the  in- 
dividual plates.    The  computations  may  be  greatly  simplified  if  we  raduoe  the 
measurements  of  all  the  separate  pistes  to  one  Standard,    Such  a  nethod  was  used 
by  '-he  older  parallax  investigators  (for  instance,  by  Bergstrand  at  Upsala)t 
but  themost  convenient  and  the  most  widespread  method  at  present  is  the  one 
offered  by  Sohlesinger  in  1910  used  mostly  in  American  Observatories^  it  is  called 
the  "method  of  dependences* "and  it  may  be  briefly  stated  as  follows t 

Let  us  denote  by  x^,  x,,  x_,    . .,.  y  ,  y  ,  y  ,   ....  the  rectangular  coordin- 
ates,, of  comparison  stars  oH  soifie  plate  ffnd  By  Xj,  Xg,  X^   ...  T^,  T«,  T«  ... 

the  coordinates  of  the    s me  stars  on  the  normal  or  standard  nl&te  for  which  we 
may  take  any  of  t "  measured  jlates   Cr  fictitious  mean  one,    Ws  may  write 
with  a  sufficient  degree  of  ajlporximation  (oomp*  Kapteyn*s  method  and  those  of 
othors)  t'ie  following  t 


b. 


The  nunber  of  nueh  eq  at'ons  n  IB  equal  to  the  number  of  sel  oted  oon*» 
parlson  stars*  Presenting  these  equations  in  the  foral 


b.  y;  -f-  c  -4-  fc  —  X=  0, 

where  the  term  x^  -  X^  is  known  fron  aoourate  measurements,  and  solving  thl« 
system  by  moans  of  least  squares  w»  obtain  the  following  normal  equations 
(in  Gauss's  notation)? 

[X*]  .  a  -+-  [X  r].  6 


A  4-  n.c 

From  all  the  eoordinateg  Xj  T_  on  the  normal  or  standard  plate  a  constant 
number  nay  be  subtra-ted  in  such  a  manner  that  (X)  "  0  and  (T)  •  0)  then  the 
foregoing  equations  are  sinplified  and  they  assume  the  followlnf;  formt 


whence  we  obtain I 


[X'].[Y'J—  [X.YJ2 
A_ 


Denoting  the  neasured  coordinate  of  the  basic  star  that  is  being  determined 
on  a  pint*  by  XQ»  and  its  reduced  value  by  Xj,,  WB  havet 


Inserting  here  the  previously  obtained  values  of  the  coefficients  a,  b,  e« 
w»  shall  obtain  a  series  of  reduced  quantities  of  the  coordinate  of  the  bade 
star:  XQ,   (XQ).^   (Xo)2,   ....  for  all  plates  and  they  will  differ  among  then- 
selves  only  on  account  of  the  influence  of  the  parallax  and  the  proper  motion 
of  the  star,  and  also  on  account  of  accidental  errors  of  neasur  <raent«     It  remains 
only  to  obtain  a  solution  for  the   system  of  conditional  equations  of  th»  form* 
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(the  number  of  equations  is  equal  to  the  number  of  plates)  where  P  and  t 
are  coefficient*  of  the  parallax  and  the  proper  motion  (along  the  coordinate 
X).  La.  practice  the  values  ft,  b,  o  are  not  computed  separately,  but  in 
se  -ting  their  analytical  values  given  previously  into  the  formula  for  m,  we 
obtain  the  latter  as  follows  t 


where  the  coefficients  D*.  D«,  Du  «...  are  functions  of  the  coordinates  of  the 
eonpariaon  stars  and  of  the  basic  stars  and  they  are  constants  for  all  plates* 
These  coefficients  are  called  "dependence s",  and  function  m  is  called  the 
"solution*  of  a  plate* 

Comparing  these  two  methods  of  measurement  and  the  reduction  of  the  in- 
dividual plates  for  the  determination  of  parallaxes,  we  must  say  that  Van 
Uaanen's  method  has  the  advantage  In  the  sense  of  a  better  exclusion  of  errors 
of  nsasurement  and  besides  it  gives  us  an  idea  of  the  parallaxes  of  the  com- 
parison stars  (which  fast  ie  important  for  the  invest! gat  Ion  of  systematic 
errors)*  On  the  other  hand,  a  more  oo  plicated  apparatus  (the  stereooomparater) 
is  used  in  it,  and  hence  is  subject  more  to  the  influences  of  temperature*  la 
Sohle8inger*s  method  a  simpler  apparatus  is  used  on  which  temperature  has 
little  influence,  and  the  computations  are  simpler,  but  the  measurements  re- 
quire more  time  and  they  are,  so  to  speak,  less  "differential"* 

Of  late,  there  has  also  been  used  for  such  measurements  a  method  of 
comparison  separate  plates  with  a  normal  plate  obtained  through  a  glass 
and  upon  which  are  consecutively  placed,  layer  upon  layer,  all  other  plates* 
Sometimes,  instead  of  a  normal  plate,  a  plate  of  mirror  glass  with  lines 
drawn  on  it  is  used  (Greenwich;,  Upsala)*  In  such  a  ease  the  measurements 
are  made  through  the  glass  which  may  be  the  cause  of  new  errors  requiring 
invest! gat  on* 

e)  Systematic  Errors  in  the  Pet  'nainet ions  of _  Stellar  Parallaxes^  It 
was  previously  said  t^at  because  of  the"  extreme  snail neVs  of  stellar  parallaxes 
it  is  very  difficult  to  ascertain  the  true  magnitude  of  a  parallax  and  to 
free  it  from  remaining  systematic  errors  depending  on  the  kind  of  instrument 
used,  on  the  type  of  measuring  apparatus,  on  the  method  of  measurement,  on 
the  degree  of  precautions  taken  during  the  work,  on  the  personal  equation 

the  observer,  etc* 

i 

Such  errors  may  be  of  constant  character  for  ft  ;;iven  observatory 
under  given  conditions  of  work).  i«e*  they  may  increase  or  decrease  all 
parallaxes  by  a  certain  constant  magnitude.    But  there  are  also  eases  in 
which  a  series  of  parallaxes  of  various  stars  show  a  variable  systematic 
error  as  a  function  of  the  brightness  of  stars  or  in  relation  to  their  right 
ascension*    These  circumstances  show  the  insufficient  exclusion  of  the 
temperature* 

That  in  the  determination  of  parallaxes  systematic  error*  of  the  types 
just  indicated  obtain  more  or  less  at  all  observatories  ir.s  been  definitely 
established*    For  instance*  it  is  known  that  the  Pulkovc  normal  astrograph 
yield  parallaxes  which  are  too  large  by  0"»02  or  On*03j  likewise  the  parallaxes 
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obtained  at  the  Dearborn  Observatory  are  too  large  by  0*,03  and  the  degree  of 
error  differs  depending  on  the  difference  of  brightness  between  the  star  under 
Investigation  and  the  comparison  stars}  at  the  Sproul  Observatory  and  at  seat 
other  American  Observatories  snail  system  tie  errors   (up  to  •»•  0".01)  have  been 
detected  as  a  function  of  the  right  ascension  of  stars,  etc. 

Now,  how  are  we  to  determine  the  systematic  correction*  for  various 
series  of  parallax  determinations  as  we  know  only  the  "probable"  and  not 
the  truly  accurate  values  of  the  parallaxes?    Two  methods  are  applied  here! 
one  of  then  is  based  on  the  statist  leal  investigations  of  Kapteyn  and  hie 
followers  in  regard  to  the  mean  (absolute)  parallax  of  start  of  different 
brightness,  of  various  proper  notions  and  spectral  classes   (see  Publication* 
of  the  Astronomical  Laboratory  at  Gronlngen^os.S  end  34,  and  also  the 
separate  dissertation  by  Van  Eahijn,  1915)*    As  a  result  of  such  Investiga- 
tions of  trigonometric  parallaxes,  en  proper  motion*,  etc,  table*  are  given 
which  enable  us  to  judge  of  the  systematic  correction  of  this  or  that  series 
of  determination*  of  parallaxes*     In  this  Banner  Van  Uaanen  determined  la 
1920  the  corrections  of  20  different  series  (according  to  observatories  and 
persons)  of  parallaxes  containing  1338  separate  determination*  for  901  in** 
dividual  stars* 

Another  more  conditional  method  consists  in  a  direct  comparison  of  paral- 
laxes of  the  same  star*  obtained  In  various  conditions.     In  order  to  establish 
a  certain  normal  system  of  parallaxes,  it  is  necessary  to  assume  certain 
hypothese*|  for  instance,  to  assume   (as  Bchnauder  do**)  that  the  sun  of 
systematic  errors  for  several  observatories  is  equal  to  zero,  or  to  reduce  all 
parallaxes  to  the  system  of  a  single  observatory  (MeCormlek,  for  instance) 
which  has  most  of  the  data  (a*  was  don*  by  W.  J.  Luyten),    The  following  table 
•how*  the  systematic  oorr  ction*  determined  b"  varlou*  method*  at  6  observa- 
tories I 

Table  t 


Observatories     According  to       According  to     According  to 

Van  Maunen          Sohnouder        Luyten 


Allegheny 

+    0".004 

*    0".055 

*     0".002 

Greenwich 

+     0  .012 

.- 

-     0  .001 

IfeConaiek 

-    0  .002 

-    0  .000 

-     0  .000 

Ifoont  Wilson 

-     0  .002 

-     0  .010 

-    0  .006 

Yerke* 

+     0  .004 

*     0  .003 

-     0  .001 

It  appears  that  these  corrections  are,  in  general,  small  and  not 
sufficiently  reliable  because  of  lack  of  sufficient  data. 
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In  3on.clu35.on  of  this  section  we  shall  say  a  few  words  as  to  whioli  star 
mght  to  he  aoleeted  for  the  Investigation  of  their  parallaxes*     In  earlier 
times  the  "parallax  hunters"  -.rant  aft^.r  the  largest  parallaxes  and  hence  pre- 
ferred to  Investigate  such  stars  whose  proximity  to  the  solar  system  appeared 
probable  by  various  indications  (greater  brightness,  larger  proper  notion, 
later  spootral  type,  eto).     In  mass  work  and  from  the  point  of  view  of  stellar 
statistics  such  a  select  on  is  not  eonsldertd  a  desirable  onej  on  the  contrary 
the  Ideal  thing  would  be  the  determination  of  parallaxes  of  as  large  a  number 
of  stars  as  possible  for  'ahich  all  the  oharacteristie*  previously  mentioned 
would  vary  within  wide  limits*     Unfortunately,  such  a  work  must  be  limited  by 
necessity  and,  perhaps,  the  best  Halting  factor  is  the  stellar  magnitude}  far 
instances  to  pose  the  problem  of  determination  of  parallaxes  of  all  stars  up 
to  the  7th  magnitude  inclusive!  but  ev«n  then  th»  work  would  be  tremendous t 
more  than  20,000  parallaxes  would  have  to  be  determined*     (At  the  Lsander 
HoCorntok  Observatory  the  progran  is  to  include  all  accessible  stars  up  to 
4*5  magnitude  inclusive), 

On  the  other  hand,  it  is  of  the  utmost  importance  that  the  programs  of 
observatories  on  the  determination  of  parallaxes  should  overlap  as  much  as 
possible  as  one  of  the  best  methods  to  lessen  systematic  errors  is  to  trans* 
form  them  into  casual  errors  by  mans  of  changing  the  condition*  of  observa- 
tions measurements,  etc*     It  would  have  enabled  us  to  develop  a  penaral 
system  of  parallaxes * 

At  present  the  parallaxes  of  about  2000  stars  are  more  or  less  well 
known*     Special  catalogues  of  parallaxes  exist  in  which  other  stellar  character- 
istics are  also  given*  the  approximate  position  of  the  star,  it*  magnitude, 
proper  motion  and  spectral  class*    Of  these  catalogues  the  best  known  are  I 
Kapteyn's   (1310),  Soh«slnger(s   (1924),  and  Ceechini's   (1931). 

£  6*    The  Determination  of  Proper  notions  of  Stars*    We  know  from  astro- 
physical  and  ether  observations  t>. ..  t  all  stars  as  well  as  our  Sun  move  In 
space  with  various  irelooities,  and  in  the  long  run,  during  centuries*  wo 
may  assume  this  motion  to  be  rectilinear  and  uniform*    The  projections  of  this 
motion  on  the  celestial  sphere  In  angular  measure  *e  call  the  "apparent  proper 
motion"  which  needs  be  taken  into  consideration  if  we  wish  to  have  an  accurate 
position  of  a  star  at  an  epoch  far  away  from  the  epoch  of  the  first  determi- 
nation of  the  position  of  the   star*     Since  our  observations  a:-e  made  from  a 
point  moving  with  the  solar  system*  it  is  evident  that  the  apparent  proper 
motion  results  ;;eoraetrloally  from  the  projection  on  the  celestial  sphere  of 
the  true  individual  motion  of  t'  e  star  in  tpaoe  "peculiar  motion*  and  of  the 
projection  of  motfon  of  the  solar  system  "pfura?laotlo  motion"*    Us  shall 
speak  in  more  detail  about  these  motions  In  Chapter  III  of  this  course* 

The  astrometrio  problem  of  determination  of  the  apparent  proper  motion  of 
stars  is  by  far  a  simpler  problem  then  the  determination  of  parallaxes*    In- 
deed, In  the  first  place,  -,/e  deal  with  greater  quantities  which  can  be  "EfO"ft"» 
so  ro  speak,  due  to  the?.r  secular  character,  and,  in  the  second  place,  it  if 
easier  here  to  avoid  many  of  the  systematic  errors  of  which  we  speak  in  the 
previous  section  because  it  is  possible  to  ~»»p»at  the  observations  under  the 
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some  condition*,  The  largest  larown  annual  proper  notion  at  present  i«  10",27 
of  the  star  Proxlma  Ophluchi  (9*4)  Tvhieh  la  the  nearest  star  to  the  solar 
aysuen  on  the  northern  hemisphere  (see   5).  On  the  average  the  annual  proper 
notion  of  all  star*  exceeds  a  parallax  about  ten  or  eleven  tines  (according 
to  Uewcoaib  •  In  general,  the  problem  is  reduced  to  a  comparison  of  two  more 
positions  of  a  star  on  the  sky  observed  at  epochs  as  far  apart  as  possible, 
The  p  rotrlem,  as  a  whole,  nay  be  subdivided  into  the  following  two  problems  J 

1)  Tlie  determination  of  the  absolute  proper  action  of  individual  stars 
(or  a  group  of  stars)  located  on  tl<e  entire  sly  or  a  large  zone  of  the  sky* 
The  term  "absolute"  must  be  understood  here  conditionally,  since  In  the  de» 
termination  of  the  diraotion  of  the  proper  notion  os*  the  motion  In  equatorial 
coordinates  we  nuet  take  into  consideration  the  phenomena  of  precession  and 
nutation, 

2)  The  determination  with  respect  to  the  proper  motion  of  one  of  several 
stars  on  a  small  limited  portion  of  the  skyj  for  instance,  the  investigation 
of  the  proper  motions  of  a  group  of  stars  up  to  a  definite  magnitude  with 
respect  to  fainter  stars  in  clusters,  selected  areas,  etc* 

The  first  problem  is  simply  solved  for  the  brighter  stars  since  w»  have 
a  series  of  visual  or  photographic  stellar  catalogues  composed  of  observations 
at  various  epochs.  Selecting  from  -'-hem  the  positions  of  the  stars  under  eon* 
slderation,  the  positions  are  reduced  to  one  normal  equinox,  and  the  selection 
of  the  "precession  constant"  determines  to  a  certain  extent  the  system  of 
the  obtained  proper  motions,  Next,  it  is  of  the  utmost  importance  that  the 
positions  of  a  star  (a  and  0)  taken  from  each  catalogue  be  reduced  to  a  cer- 
tain definite  system  which  is  usually  the  system  of  the  so  called  fundamental 
catalogues  of  Aurora  or  of  Doss,  For  most  visual  catalogues  such  reductions 
to  the  fundamental  syetwa  are  known  from  special  investigations, 

Let  us  have  for  a  series  of  epochs  t*,  to,  t»,  ...,  expressed  in  fractions 
of  a  Julian  year  a  oorrespondin  series  or  values  of  equatorial  coordinates  of 
a  certain  star  Oj_,  a.,  a_,  ....6,5,  0-,  ....  reduced  as  we  had  previously 

indicated.  Denoting 

—<X    and 

° 


where  n  is  equal  to  the  number  of  catalogues  used,  199  take  the  quantities  ao, 
8O  as  the  most  probable  values  of  the  coordinates  for  epoch  to  and,  subtract- 
ing  them  from  the  individual  values  for  each  catalogue  and  setting  t  «  to  * 
At,  a  -  OQ  "  Aa,  8  -  00  •  AB,  we  find  the  probable  annual  proper  motions 
of  the  star  by  the  formulae 

.&£} 

~    * 


(in  the  n  tat  ion  of  Gauss), 


If  the  positions  of  a  star  given  by  the  oatalocues  are  of  various  ac- 
curacies, :he  conception  of  the  weight  of  each  catalogue  IB  introduced  and 
the  values  of  the  -mights  are  introduced  into  the  formula*  in  the  usual 

manner. 

The  methods  of  solution  of  the  seoond  problem  -  the  datermlnatloa  of  the 
relative  proper  notion*  over  a  small  area  (for  Instance,  ovrr  the  are*  of  a 
plate  of  a  normal  astrograph)  -«ere  es  entially  expounded  in   5,  as  the  photo- 
graphic method  of  observations  is  almost  exclusively  used  at  present,  and  the 
difference  form  the  nethod  of  the  determination  of  the  annual  parallaxes  eon- 
sists  merely  in  the  following* 

1)  The  pho'-  ographs  under  comparison  should  l-e  :wuo;r*«l  in  tine 
other  as  far  as  possible  (10  -  20  years)  and  be  photographed  by  the  s 

instrunentl 

2)  the  photographs  should  be  made  at  the  sane  hour  angles  and  under  the 
same  conditions  a*  much  as  possible  (sensitivity  of  plates,  exposure,  condition 
of  atmosphere,  eto)«  The  photographs  may  also  be  made  on  a  single  plate  by 
Kapteyn1 s  method  of  using  the  latent  image  J  then  they  are  developed  as  we  have 
already  stated  (see  5,  equation  18) «  The  difference  is  that  the  plate  is 
measu  ed  in  both  coordinates  and  not  merely  In  X*  By  this  method  Kapteyn 
detanained  the  proper  motion*  of  several  thousands  stare,  with  a  probable  error 
of  only  _+  ,011,  using  plates  obtained  at  Helsingfors  at  intervals  of  8  years* 
Howev  r,  it  appeared  difficult  to  pre serve  the  underdeveloped  plate*  for  8  «• 

9  years  sir.ce  the  latent  image  of  a  eter  gradually  disintegrates  and  may  be» 
cons  just  a  gray  spot  the  measurements  of  which  would  be  inaccurate.  There* 
fore,  this  ravt'iod  is  now  abandoned  and  photographs  are  taken  at  large  intervals 
of  time  on  separate  plates, 

The  measurements  of  pl»te*  for  the  determination  of  proper  motion*  are 
made  exactly  in  the  same  way  as  described  in  §  6  for  parallaxes,  neoaelyJ 


1)  by  the  method  of  optical  connaotion  of  two  plate*  on  a  stereooc 
parator  (blinkniorosoope  or  ctoreonioroseo^e)  and  measuring  by  the  micrometer 
of  the  small  shifts  of  two  inches  £ 

2)  by  measuring  the  accurate  rectangular  coordinate*  x  and  y  on  the 
universal  instrument  separately  for  the  two  plates  and  then  Imngin •  that  w« 
plaoe  them  one  upon  the  other,  i.e.  using  only  the  accurate  residual*  Ax 
and  4JT  f">r  further  reduction! 

3)  by  photographing  the  plate  at  the  seoond 

placing  them  together  on  the  universal  instrument  face  to  face  so  that  only 
the  small  distances  are  measured  by  the  micron  ter, 

In  all  those  oases  t'  *  computation  of  the  obtained  measurements  are  made 
by  the  saae  formula  of  Kapteyn  the  following  forat 


\ 


where  M-  is  the  annual  proper  notion,  p  i*  the  measured  shift  in  the  correspond- 
ing coordinate  between  the  epochs  tj  and  tg,  *  and  y  are  the  approximately 
known  rectangular  coordinates  of  the  star,  and  A,  B,  C  are  constants  for  a 
glTsn  pair  of  plates  determined  by  the  method  of  least  squares  with  respect 
to  all  the  stars  measured  on  th»  plates,  or  by  mean*  of  certain  basic  star*  or 
oompariosn  stars*  Considerations  similar  to  those  described  in   5  show  that 
in  such  a  oase    [i  "  0  is  assumed  for  this  group  of  stars,  and  hence,  the 
proper  motion  of  each  star  is  determined  with  respfot  to  the  mean  motion  of  the 
stars  of  that  group*  If  this  mean  (absolute)  motion  in  the  case  of  bright 
basic  stars  is  determined  from  meridian  observations,  then  it  is  possible  to 
reduce  the  relative  proper  motion*  of  all  stars  to  absolute  ones*  Sometimes 
such  a  reduction  is  done  theoretically  by  the  comparison  of  the  obtained  re* 
lative  proper  motions  with  statistically  computed  parallactic  motion  of  the 
stars  in  the  given  region  of  the  sky  as  a  function  of  their  photographic 
magnitude*  In  the  same  manner  it  is  possible  to  investigate  those  remaining 
systematic  errors  in  the  proper  motions  which  are  of  the  character  of  the 
"light  equation"  (see,  for  instances  Tan  Rhljn,  "The  Proper  Motions  of  the 
Stars  in  the  Paresepe  Cluster"  Publications  of  the  Astronomical  Laboratory 
at  Groningen,   26,  1916)*  In  connection  with  this,  and  also  in  connection 
with  the  problems  of  stellar  statist lot  in  general,  the  problem  of  determi- 
nation of  absolute  positions  and  proper  motions  of  the  faint  stars  is  of 
great  importance*  The  ways  of  solving  it  are  indicated  in   4  of  this  Chapter 
(photographing  of  AG  zones),  and  It  is  quite  probable  that  the  application  of 
very  wide  an,;led  photo  objectives  and  of  the  chain  method  in  connect  ion  with 
similar  observations  of  basic  stars  by  transit  instruments  will  be  the  best 
way  in  solving  this  problem*  He  shall  add  to  this  that  some  of  the  observa- 
tories, which  hare  participated  in  the  work  on  the  international  may  of  the 
sky,  are  now  repeating  the  photographs  of  their  cones  and  derive  systematically 
the  proper  motion  of  numerous  faint  start  by  the  differential  method  (for 
instance,  the  Helsingfors  and  Greenwich  Observatories)* 

Of  the  three  methods ,  nentioned  previously $  of  the  photographic  determi- 
nations of  relative  proper  motions  of  stars  the  first  method  (by  the  stereo- 
comparator)  is  used  most  offcenj  then  the  second  is  used  also  a  great  dealj 
the  third  method  (measurement  through  a  glass)  is  still  in  the  stage  of  in* 
vestigation  and  improvement.  The  application  of  the  first  two  methods  at 
Pulkovo  gave  a  probable  error  for  each  proper  motion  of  only  +  0"*006  for  a 
difference  of  epoch  of  about  10-12  years j  in  individual  cases""of  larger 
proper  motions  by  the  stereoscopic  method  bhe  probable  error  was  as  low  a* 
^  0"»0046  for  a  difference  of  epochs  of  ten  years*  Numerous  discoveries 
"of  noticeable  proper  motions  were  made  by  the  first  method  at  varioftt 
observatories,  especially  by  Wolf  at  Ileledlberg* 

At  the  present  time  (in  1931)  the  propor  motions  of  about  42000  stars, 
chiefly  up  to  the  10th  -""nituda,  are  known  from  photographic  and  meridian 
observations,  but  the  larger  motions  of  much  fainter  stars  are  also  known* 
There  are  a  few  special  catalogues  of  proper  motions.  Of  these  oatalo; ves  we 
shall  mention  only  the  two  following  onest 

1)  E*  Soharr,  Elgnbewegungs^Lexikon,  1923  (with  six  addition*  up  to  1831 

2)  Catalogue  of  Proper  Motion  Stars  (Pulioation*  of  the  Cinoinnatti 
Observatory,  1930  (contains  only  large  proper  motions  >  0"»40  for  1475  star*). 
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